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12. The development of methods to noni:nvas;'.ely. no ndestructively see (image)
the interior of structures-for exaple. mechanical conp.-ntx to be used in
large or small power generation systems. electronic cc-ponents. special
asterial test pieces used in process development or biological systems Is a
research area to -hich the =edical conaunity has given extensive attention.
X-ray *CAT- scanning and Magnetic Resonance I=aging (HRI) are to cases in
point. The development of nei structural materials for advanced Industrial
needs have driven the need for higb sensiti-ity, high spatial resolution
nondestructive characterization methods such as computed tomography. The
purpose of this symposium was to present the most advanced work in this
technological area.
The report. Materials Research Society Sysposit= Proceedings volume 217:
Advanced Towographic Imaging Methods for the Analysis of Materials', contains
the edited papers of the first Materials Research Society symposium devoted to

the topic of to fgr hlc fmaging applld to mesearchety yoie dymposu
"as held during the MRS Fall Meeting Boston, lioveober 28-Oece=ber 2. 1990.
Sponsorship of the symposium was provided bry the Air Force Office of

Scientific Research, Battelle-Pacific f:orthwest Laboratory, Bruker
Instruments, Inc., Spectroscopy Imaging Systems and General Electric IN.

Instruments. The papers are organized by the tocographic modality. However,
because the modalities provide different information. a session on
oJlti-modality Imaging Is provided. Each section of this volume provides the
cost current information available on the applications to materials.
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Preface

The development of methods to noninvasively, nondestruc-
tively "see" (image) the interior of structures--for example,
mechanical components to be used in large or small power
generation systems, electronic components, special material test
pieces used in process development or biological systems
including the human body--is a research area to which the
medical community has given extensive attention. X-ray "CAT"
scanning and Magnetic Resonance Imaging (MRI) are two cases in
point. The development of new structural materials for advanced
industrial needs, such as new energy-efficient engines, new
materials such as superconductors, as well as the study of
materials involving advanced chemical processing, have driven
the need for high sensitivity, high spatial resolution non-
destructive characterization methods such as computed tomog-
raphy. The purpose of this symposium was to present the most
advanced work in this technological area.

The present volume contains the edited papers of the first
Materials Research Society symposium devoted to the topic of
tomographic imaging, applied to materials research. The
symposium was held during the MRS Fall Meeting, Boston, November
28-December 2, 1990. Sponsorship of the symposium was provided
by the Air Force Office of Scientific Research, Battelle-
Pacific Northwest Laboratory, Bruker Instruments, Inc., Spec-
troscopy Imaging Systems and General Electric NMR Instruments.

The papers are organized by the tomographic modality (i.e.,
X-ray, NMR, etc.). However, because the modalities provide
different information, a session on multi-modality imaging is
provided. Each section of this volume provides the most current
information available on the applications to materials.

The editors would like to thank the Materials Research
Society for their assistance in getting this first volume
together.

William A. Ellingson
Jerome L. Ackerman

July 1991
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Nuclear Magnetic Resonance
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IMAGMIG OF EXASTOKERS

D POROUS MEDIA

RICM A. KOHOROSXI AND SUBIEIMR N_ SARKAR
University of Arkansas for Medical Sciences, Capartments of

Radiology and Pathology, 4301 West Markham St., Little Rock, AR
72205.

ABSTRACT

-MR imaging has been applied to some elastomeric materials
of industrial interest. The T2S of common elastomers,
particularly after filling and curing, are sufficiently short
that spinzecho sequences at submillisecond echo times cannot
produce T -independent images. The sensitivity to.Tj
potentially makes spin echo imaging a good probe of elastomer
blend composition, as demonstrated for a'series of filled and
cured gij-poly.bLtadiene, -styrene-butadiene rubber blends. The
technique can be used to distinguish good and bad, carbon black
dispersion in actual tire tread samples. The configuration of
polyester tire cord, voids, rubber layer boundaries, differences
of molecular mobility and composition, and other inhomogeneities
can be detected in end-product tire samples. The value of
isotropic voxels at 80-100 us and the effect of resolution
relative to pore size are demonstrated on a modl, H0-saturated
porous glass disk of 200-um average pore size. The leasibility
of multinuclear NMR imaging for fluid-specific characterization
of p ous materials such as oil cores is demonstrated for 'Li
and F.

INTRODUCTION

Nuclear magnetic resonance (NMR) imaging is being
vigorously pursued as a nondestructive characterization tool
for materials. The promise of measuring spn concentratio'n,
molecular mobility (via the spin-lattice (T) and spinspin !T2)
relaxation timesJ,.and chemical structure (by largely unrealized
localized spectroscopy teciques) at various locations within a
sample has resl 6L n-itial applications in a wide variety of
nonmedical ar s . Sizes have ranged fromtreetrunks of 25-
cm diameter O2t to -microscopic" tu~ies onmi1imeter-sized
objects at 50112 um resolution. ,4]3' -  

-
Because standard NMR imaging tchnIques are limited to

observing molecularly mobile component i.Apprications to date
have concentrated-on-bulk elastomers 45, solvent diffusion (6),
and liquids,, orous inorganic matehlIs such as ceramics and
oil cores.[7,_8) Technigs a:9-Being developed for imaging of
highly rigid iaterals ([Ar"hich is the subject of other papers
in this proceedings.

For standard NMR imaging techniques, the primary
requirement for Increased resolution is powerful gradients. or
medical .maging, gradients typically never exceed I G/cn.
Figure 1 shows plots of gradient strength G vs. acquisition'ise
AT for various image resolutions. The significance of the
acquisition time is that in echo imaging, it is limited by (and
often equal to) the echo time TE. "For materials, T2 can be
quite short, and hence TE or AT cannot be lengthened without

MaI es. So e Syrp. Pr". VoL 217.€ 1991 Materl$ Researeh Sociey
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Figure 1. Plots of G and spectral width (SW)/field of view
(FOV) versus AT (TE) or lIne width for various resolutions.

Figure 2. NMR image of a series of 2-mm sheets of cured, filled
CB/SBR blends. Polymer compositions (CB:SBR) are from bottom:
100:0, 80:20, 60:40, 40:60, 20:80, 0:100.



loss of echo signal. Another consideration is the resonance
line width of the material. The spread of frequencies caused
by the gradient must be larger than the spread inherent in the
line width. This relationship is also shown in Figure 1 for the
limiting case where gradient spread equals the line width.
Hence the relatively large line widths seen for materials also
necessitate powerful, gradients, typically 10 G/cm or larger.

In this reporr we explore applications of NMR imaging to
direct analysis of bulk elastomeric materials of industrial
interest and porous media. Current limitations and new
directions of research are discussed.

EXPERIHENTAL METHODS

The 
1
H NMR images were acquired at 200.1 MHz on a General

Electric Omega CSI-4.7 system with Acustar shielded gradients
and available bore size of 120 mm. The maximum gradient
strength was 20 G/cm. Either a standard single-plane, spin-echo
sequence with slice-selective 90 and 1800 pulses (5] or a 3D
volume imaging sequence was used. The 3D volume sequence
employed a hard, initial 900 excitation pulse of 15-70 us
(depending on the coil) to excite spins in the entire object.
Phase encoding was performed in the slice-select direction and
one transverse direction, with frequency encoding in the
remaining direction. For small objects at higher resolution, a
commercial, single-turn surface coil of 2-cm diameter was used
for both excitation and detection. For larger objects and oil
cores, a 6.0-cm diameter, home-made birdcage coil was used.
Lithium-7 and 

19
F images were acquired on the same instrument at

77.8 and 188.2 MHz, respectively. For 
7
Li a 5.5-cm birdcage

coil was used, whereas for 19F a 2-cm, single-turn surface coil
provided both excitation and detection.

Carbofi-13 NMR spectra were acquired at 75 MHz and 90
0
C on a

General Electric GN-300 WB high resolution spectrometer with
proton scalar decoupling in spinning 10-mm NMR tubes.

RESULTS AND DISCUSSION

Elas r Cornosition And T?

We previously demonstrated that standatd spin-echo
techniques at TEs of 10 ms or greater could be used successfully
to image favorable cases of cured elastomers.(5) Many common
elastomers have T2S of 0.5-2 ms [,10), making it necessary to use
short TE sequences such as 3D volume imaging described above to
capture sufficient signal intensity. We have imaged elastomeric
matcrials at TEs as low as 500 us. However, even at
submillisecond TEs it is not possible to obtain images for
typical pure elastomers without'T2 affecting signal intensity
and contrast, of course, the filling and curing that impart the
desired mechanical properties further reduce T2 from that of the
pure elastomer.

Figure 2 shows an NMR image (200 x 200 x 500 us voxels)
from a 3D volume dataset for a phantom composed of 2-ma sheets
of a common series of cured, carbon-black filled-
2jq-polybutadiene, emulsion styrene-butadiene rubber (CB/SBR)
blends. Although all the blends have approximately the same
hydrogen content, image intensity varies dramatically among the
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blends. As the SEE (T - -70
0 C) content increases relative to

CB (T - -102 0
C), T2 d~creases and image intensity decreases at

a TE 9f 1.2 as, as in Figure 2, or even at a TE of 500 us. This
is also apparent from the image profile on the right in Figure
2.

Conversely, the results in Figure 2 illustrate that HER
imaging can be a sensitive measure of polymer blend composition
in well defined situations. Differences as small as 10% may be
detectable. Such an approach may provide a substitute for
localized spectroscopy techniques, which currently seem of
limited use for complex, short T2 materials.

Tik Nferiala

Inhomogeneities in elastomers have been imaged directly
[5,113 and by solvent swelling.(123 Detection of an H-rich,
relatively mobile swelling agent in a polymeric material
produces images of high quality. However, spatially dependent
differential swelling and dimensional changes make
interpretation of such images problematic. Direct imaging at
short TE of cured, filled elastomer blends such as tire
sections is preferred and can be highly informative. Figure 3
shows NMR images (250 x 250 x 500 um voxels, TE - 4 ms) of
actual finished tire tread sections. The section in Figure 3A
was from a tire tread with a good, homogeneous carbon black
dispersion, whereas that in Figure 3B had a poor dispersion.
The samples appeared visually similar. The images are
dramatically different and reflect the degree of filler
dispersion. The good dispersion image has a relatively even
distribution of NMR intensity, whereas the poor dispersion image
appears spotty 3nd highly heterogeneous, even in higher .
resolution (200 uM

3
) images of thinner slices throughout the

sample. Tread grooves are seen in both images. Numerous local
inhomogeneities of a lesser nature are also seen in Figure 3A.
We have routinely observed such inhomogeneties in a variety of
elastomer compounds, both cured and uncured.

Figure 4 is an HMM image (100 x 100 x 200 um voxels at TE
of 2 ms) of a transverse section of a simple tire containing
polyester fiber tire cord. The arrangement and shape of the
cord fibers, as well as numerous irregularities, are clearly
visible. The laminate structure of the section is well defined.
This consists of a 2-mm wide layer on the left which corresponds
to the tread. This is bonded to the 5.5 mm layer containing the
cords in the center, with a barely visible 2-mm layer on the
right. The right-hand layer is the inner liner of the tire, and
it appears to consist of two layers from the image and profile
although visually this is not apparent.

Carbon-13 NMR spectra of samples taken from the left
(closest to the cord) and right sides of the right hand layer
show the elastomeric components of these to consist of an
isoprene rubber, butyl rubber blend, and probably pure butyl
rubber, respectively. This is not unexpected as butyl rubber is
commonly used as an air barrier on the inner surface of tubeless
tires. It also explains the-difficulty in observing this laysr
by NMR imaging. Butyl rubber is very difficult to image by
standard techniques (5) because of its uncharacteristically
short T2, which is a consequence of reduced chain segmental
mobility.(13] The addition of isoprene rubber to butyl would
increase segmental mobility in the blend, making that layer more
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Figure 3. ?NMR images of actual finished ire tread sections.Tedgovs areee cIae. A).God dispersion ofcarbo blc BI bad dispersion of carbon black. TE -4 Mo.

250 x 250 X 500 mm voxels.
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Figure 4. NMR image (slice #9 of 16, 100 x 100 x 200 um voxels,
TE 2 s) of a tire section with polyester cord belts. The FOV
is 12.8 x 12.8 mm. One two-component layer, due to the inner
liner of the tire, is barely visible on the right side of the

Figure 5. Image (80 x 80 x 500 um voxels, TE - 4.3 Ms) of 4
cured, filled 2-ma CB sheets. The bottom three sheets are
separated by glass spacers of 180-um thickness. The top two
sheets have no spacer.
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visible than pure butyl in the image. This sample has a
material feature that might have gone undetected without MR
imaging.

The relatively large feature in the left layer consists of
a low-intensity region-surrounded by three spots of higher
intensity. This is apparently a solid particle or agglomerate
of carbon black or other material. The bright spots are
probably magnetic susceptibility artifacts associated with the
particle, and appearing along the readout (horizontal)
direction, as was confirmed by imaging the object in several
orientations. We see such artifacts routinely in carbon-black-
filled rubbers, both cured and uncured.

In the image in Figure 4 the rubber layer boundaries are
well defined because the layers have different combinations of
T2 and mobile hydrogen densities. For layers of identical
material, detection of layer boundaries may be less straight-
forward. We previously demonstrated that in model elastomers
boundaries beyond the image resolution can be detected by
reduction of voxel intensity at that point.(5 Under the
relatively poor'resolution and long TE conditions of the
previously published images [5), it was not clear if such sub-
resolution boundary detection was from depletion of hydrogen
content, lower T2 at the surface, or both. Figure 5 shows
higher resolution (80 x 80 x 500 um) images of the same sheets
as before (53 with 180-um spacers at two boundaries and with no
spacer at the third boundary. The sheets were firmly pressed
together and secured for this experiment to eliminate the
possibility of casual air space between the sheets. As
expected, the spacers weewell resolved. However, the boundary
without spacer was also detected. Examination of image profiles
at higher resolution suggests that this arises (under these
conditions) from a slightly reduced amount of HMR visible rubber
in the 200-um region at the surface of the sheet. Hahn spin-
echo experiments between 3 and 10 ms measure essentially the
same T at the surface as in the bulk rubber.(l0) These results
suggesi that laminate boundaries may be more readily detectable
for separately cured sheets than for uncured or co-cured
materials.

Model Porous Mria

To date, most NMR imaging of materials has been with highly
anisotropic voxels and poor resolution perpendicular to the
slice. The advantage of isotropic voxels for visualizing
complex 3D structures and-minimizing confusing partial volume
effects has been recognized.(141 Although 3D volume imaging may
ultimately be the method of choice for obtaining isotropic
voxels, it is possible to use the single-slice technique at
moderately good resolution. Figures 6A-C show images of a 7 x 7
mm piece of a water-saturated, porous glass disk (35% porosity,
pore size 170-220 um) at three different isotropic resolutions-
less than, at, and greater than the nominal pore size. As
expected, the images are dramatically different and, in
particular, display how features in the low resolution image
arise from different planes in the slice. In the 100-um
isotropic-voxel image, there are a few small and intense spots
whose size is about 190 um x 190 um in plane and are either
single pores or collections of smaller pores. Longer spots may
be pores connected in plane. Small and weak spots may be from
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FigUre 6. NMR. iages of a 7 x 7 um portion of a sintered glassdisk of 35% porosity and nominal pore size 170-220 M at threeisotrop c resolutions A) 100 u; 5) 200 u; and C) 400 us:0) 100 c 100 x 2000 us voxels.
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pores of about 100-um size or less and fully included in the
slice, or from larger pores partially cut by the 100-um slice.
For the 200-um and 400-uM isotropic resolution images (Figures
6B and 6C, respectively), a few intense spots become larger as
the resolution'becomes coarser. Some of the spots remain
bright, implying perhaps collections of-water-filled pores from
various planes. Images of other porous glass disks of 5-50 um
pore size suggest that the image appearance is dominated by the
large-pore tail of a pore size distribution.(10]

The higher-resolution appearance of Figure 6A is retained
to some extent in Figure 6D, an image with 100 x 100 x 2000
um voxels, even though features from the equivalent of twenty
100-us slice thicknesses contribute to the latter image. This
arises from the fact that the majority, of the object volume in
this case is occupied by glass or air; and hence many of the
anisotropic voxels have little or no signal. For porous
materials of low-to-medium porosity and relatively large pore
size, thick slices may provide more useful information than for
relatively homogeneous materials such as polymers.

The results of Figure 6 also demonstrate that obtaining
isotropic voxels at high resolution will' not exact too severe a
penalty in S/N ratio for porous materials. Although the voxel
olume in the 100-uM image is 1/64th that of the 400-um image,
it took only 16 times (4x S N penalty) as long to obtain the

oo0klum image. This arises from the dilution" of the signal in
a ingle voxel by glass as the resolution becomes coarser.

Multinuclea Imaging 21 Porous M ril

N14R imaging is being used increasingly to study the fluid
distribution in oil cores.(8,15) Since such imaging is usually
concerned with the distribution.of two or more fluids such as
oil and water in the rock, methods for separate observation of
the components must be developed. For cases where individual
resonances can be resolved for the oil and water components, we
have used a radiofrequency presaturation pulse and dephasing
gradient to produce component-selective images.C15) When
resonance lines are broad and the individual components cannot
be resolved, a multinuplear approach is necessary. Edelstein et
al. (8) have used the *H and 'C isotopes to analyze for the
amounts of water and oil in whole cores. We have indirectly
imaged a third fluid (isopropanol as a model miscible injeitant)
in a core by profiling the disappearance of signal in the H NMR
image when the third fluid is deuterated.[15)

Direct multinuclear imaging of isotopes confined to a
single phase should provide unambiguous separation of two or
more components in model systems. Pposible nuclei includp 1

9
F

(fluoride or fluorinated organics), 41C (organics, C02), 23
(brine), 

7
Li (brine), 2D(D20 or deuterated organics), and *'0

4H20), in addition to lH. As an example, Figure 7A shows the
Li NMR image of a Li brine in a model porous glass filter disk
of nominal pore size of 200 um. The 'Li isotope is favyrable
for such studies, with a sensitivity about 27% that of H,
relatively narrow lines, T2S of 10-500 ms, and T1S Of 0.5-4 a
in motionally restricted systems. Figuse 7A shows that a
resolution on the order of 1 x 1 x 5 mm can be expected.
Figure 7B shows a comparable image for 

19
F of 50% hexafluoro-

benzene in porous glas taken using a surface coil. We have
obtained preliminary Li and 

19
F images on actual oil cores.
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Fig~ro 7. .&
7
L m ngo of a portion of a sintered glass

disk (35% po~ros-ity, 170-220 uma pore size) with 2 M ij

(I x ix5smmvoxeis; TE - 2 ms OV, 64 X64 =l) D) -F NMR

image of a sintered glass disk (40% porosity, 4-5.5 UIA Pore

size) with 50% hexafluorobelzee. (200 x 200 x 2000 um voxeis;

T- 2.8 n5; FOV, 12.8 x 12.8 mm)
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Resluton ettr tan LI an e epecedfor 19F in comparable

case (Fgure7B) The 9f'T2say be short, on the order of 2
to 10 ms. For both Li and 19F it will be necessary to useshort TE sequences such as whole-core 3D volume imaging.
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NMR IMAGING OFSOLIDS USING IMAGING INSTRUMENTATION

DESIGNED FOR LIQUIDS

D. G. CORY' AND S. J. GRAVINA
Bruker Instruments, Fortune Drive, Manning Park, Billerica, MA 01821, USA

ABSTRAICT

The possibilities of acquiring NMR imaes of solids with conventional imaging
apparatuses are explored. To this end a mu tiple-pulse line-narrowing sequence isintroduced which average-, both homonuclear dipolar couphings and time
independeit linear I, interactions such as chemical shifts and suscteptibildy %hifts. For
imaging the multiple-pulse cycle is accompanied by an oscillatng magnetic field
gradient which phase encodes the spatial location of each spin. The period of the
gradient oscillation is matched to the period of effective field toghng such that the

utl'p'le-gulse cycle does not average to zero the gradient induce spin evolution. A
small ra o frequency coil of 30 mm i d. is used since then only modest radio
frequency (RF) power is sufficient to generate a strong RF field, and the RF
homogeneity is qute good over the sample volume. The resolution of the image is
not spatially uniorm, ut near the center the resolution is better than 100 pm an the
resolution at the edges of the Image is degraded by only a factor of 3 to 5. Ima es of
solids with acceptable resolution and sensitivity can be collected by this methodwith
minimal setup time and difficulties.

INTRODUCTION

Although the principles of NMR Imaging are well established [1,2J and Imaging
techniques are routinely used for mapping the distribution of the liquid fractions of a
sample it has proven dLffuicult to translate these same methods into a usable method
for imaging the solid fractions of materials. On the other hand, a large number of
approaches for NMR imaging of solids have been demonstrated but so far none canbe considered to be routine since they all require very special instrumientation and

experimental skills. Here we wish to introduce an imaging method which uses the
instrumentation of solution state imaging as far as is possible while implementing
selected solid state techniques and modifications thereof to allow the best possible
NMR images of solids to be obtained with the least pain, cost and setup time.

The foundation of NMR imaging is that the Larmor frequency of a spin is
directly proportional to the applied magnetic field strength and therefore a profile of

sample's spin density is obtained-simply b, observing the NMR spin evolution of
the sample in the presence of a magnetic ield gradient. To resolve two spatially
distinct volume elements requires the application of a magnetic field gradient of
sufficient strength such that the elements one wishes to resolve are shifted in
resonance frequency from each other by an amount greater than the natural
lnewidth. Stated more simply,

resululion - linewidth/gradient strength,

Herein lies the difficulties of solid state imaging since the solid state linewidth is
approximately 1000 times broader than its solution counterpart. The gradient
strength can be increased by a factor of 1000, but increasing the gradient strength
leads to a broader spread in resonance frequencies which must be accommodated by
a proportionally wider receiver bandwidth. Noise enters the receiver in proportion
to the square.roxit of the receiver bandwidth resulting in the experimental time to
acquire an image scaling as the natural linewidth,

imaging time- linewidth.

Acquiring a high resolution image of 'a small sample is already a time cosuming

Mal. Res, Soc. Syrup. Pioe. Vo, 217. 01991 Materials Research Society



procedure so a factor of low0 LIieprmntiesahuercetsyadmS
tosid gate inrfthainolved some mearis of lime-narrowisg

with line-niaarosing appmaches includian maic angl sme pnnin- with
s .:-roizd rotating graients [3-51. multipkefuise lie11 rwn toe'mnl

k.,nouceadipolar coupln 16-81. conine tits, o0r %Iiac 1CR. S) [In and

~VhI the heinonudr -dipolar bruadenin 5 is eneraIy tbc dominant
ti -odnng mechanim chrmicaishift and susceptibilty shifts may still be a factor

of 100brodr than the tpical water linewidth and can not be ignred. Since the
$radient and chemical shift Haniiltonians have the same spin depedence, theseC two
interactions can only be differentiated by paiuai h rden (ie ak h

grdient strength timei-dependent). This haS en nopoae into a number of
sid state inuiag schemei in the form of pulsed radientl jt1,12L. tocittating

gradients 113,14t, and in two-dimensional experiments by sepng the *radient
strength ink a controlled fashion between successive data points R1516. trid that

teofending chemical shift and susceptibility shifts may be assumed to be constant
throughout the image, dleconvotution of the image with the knossn spectral
information [17,18J is also useful, but susceptibility abhifts are by nature spatially
varying and noise seriously, comiplicates the deconvotution proces.

tye have been interested in developing and implementing a sotid state

imuging mettad usin coin entional micro-imaging instrumentation deosi -ned foe
liquid state imagingj w iHe retaining as mnyn of the desirable feature If e Morecomplex solid state imaging schemes as is possible. The method described below canbe implemenled on most micro-imaging s -sems with mainimal moditicatios of the

harwar an yildquite good images o rigid solids. To accomplish this wei hose
sacrificed some in sample size (the sanpTle is constricted to lit inside a 3 min W. rf coil)
and the resolution across the image L, not as uniforni as it would be wsithi pulsed
gradient methods (121. This approach is very similar to the refocussed gradient
imaging approach which was introduced by &filler and arrotiav (131,- but the
iitiple-pulse line-n.)rriiwing sequence is a new more forgiving cycle %, iich allows
the method til be implemented on systems where more pulse imperfctionswae likely

to be found than isould be tiolerated by traditional multiple-pulse c) cles.

Figure 1. A 48-pulse multiple-pulse cycle which averages to zero homonluclear dipolar
couplings as well a, time independent lp interactions. The gradient ciscilales with a
period equal to the cycle lime of the mulliple-pulse cycle and this time dependence
prevents the cycle from averaging the gradient indmcd spin evolution to zero. The
gradient strength Is shown as a sinuoidat modulation, but in practicesa more square
wave looking moulation was employed and the shape (if the nmodulatin is nut
critical. A phase shirt of the RW which occurs betwcen solid echo pulse pair% is shown

asin up over the first half of the cycle and then slowly decreasin;aindrg
the secon half. This introduces a spatially homogeneous resonance offset which ma'
be used tn shift the center of the image. As shown in the key below the figure, each
pvair of RF Pulse isa standaird solid vcho Puils- Pair with the normal Pulse sisaci-ic.
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LAGGMEMhOO

The iometho ndxd is outlined in Fig I- The experiment consists Of three
paris a 48 pue imaging cyl hich averages homonuclear dipolar broademngs,
chemical shifls and susc ibli N hfK* a magnetic fiedgain ihc slm
dependent such that the multil-pulse cycle does not av erage gradienat induced
shifts; and a stepe Ff phe 5hi1 which acts~ a spatiafly homogeneous offiset of the

img.I tea *ms simplest implemetion the. inagnectization is sampled once at
the endof the cydakand the eieiel srpaedta u the.accumulated phase
cvolutioan induced by a combination of the gradient and the phase offsel.

The 48 pulse cycle is s-ery similar to a 48 puLse cycle j 191 which was previously
used for solid.stale: imlaging; with pulsed gradiernts inlercaL':cd iti'selected windtows.
Both of Slime cycles; are constructed from set of 6-pu.Lser dl;'olar dcricaupkd inversion
pulses U hich in terms of theo Alac nusexnsion are dlipolar decioupling [to zero order

incldin th fet ffnt ussadteo d re n adetfuchnf puhe

pus aont in th saedrectionin th ranvrepaefrhlftecce an dtn

ca ortiaeprnt is olineda in TabeIUs pns hLJ~fd ig
hemi cal1 'O hifan 'h d f f p ,suscepibilit 

0,-, ii

gad ie nt "' 4, a/r

bu htt he gradien an"p setogl ter remin
cycl e ,ul ip u s m e ds a e e er ll v er e i n i g f 'fed sr n t s

Talep fect ive a norls not f thee experiments i ing a mal(3.
Hd)t ansves tonidn fci e fiewooled k araoidbytehg

puls ccle I ech os moe linerg1 ivnan raitiona cyclesre t attectin tof
thfftivinae fhis clen lons idtr the fign h of thcle sh owin rie fi. IThisf
an ean ftemultiple-tulse cycle. mybepledFo sitsp sce tht doe not aefeo
tchemical shiftvlt and ig shlo ws fia, on olton zeo then avycl e d o ve cm hne

emlye ultiplpulse cycleds far geeall CRvS1,3erydmninim Vfent tirngipam
diinehomogeene larlypuhe nmewfecycleos suerio linenarrwn poptiesinat
tsexarmpler- even thuhteaigfor isnall't !exerthantts Bir esithe af thel other
efcy fthe foil rolma is yicalyeconeredt wihhmgniyhe ale iperftors af
soli setroter rment ao ae oinstaesproeer is that thes e ceivue andwlidth.
ofls the whichle is tororarrog thalo thefullobandcyapesfather repn to 
accuaty eprdcdaymdr spectrometer frmlil-us rrsoy s ha eie oill sen
ties of ur te of this ryecirer th i prit, bu if f tyl hw is i g. ii isdo
whic ill nee tyce mad e prifoefor Inatemp ing op thsexeineit Toe rls ho wnvea
cheecwerehibtainodutin andFg AsL0 whic a cprlisnl af itae eInoctometer,

howleve The fnprbe tand apifs wpich wereuntsed wren depig ieformo sa
tuesdtesolid state exeienaplitio te spectrometer wta e recelfll ivedw it
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still remains to be sthown hiw far lile. methtod, call be pu,,tihd ill impteniitling them
on other less sophisticated spectroneler,.

Figure 2. CRAMPS resus for dinielhoxybenzene acquired with three different
multiple-pulse cycles, MREV-8,13R-24, and a new 24-pulse cycles corresponding to the
first half of the cycle shown in Fig.l. The resolution of the new cycle i% superior to
either of the other two under these conditions. This improvement over BR-24 is most
likely a result of tie forgiving nature of the cycle to pulse imperfections rather than
any inherent greater efficiency.
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Figure 3. A grey scale htiil of tie data as atiiii..d with the imaging method
described above ofa ,saill / u(ontilig of twvo tic . o ainalane Ocintaincd in a 2
mm i. tube and plac'd -I~ppmosimailcly 3 mim apail. '[tt. dala weie acluired by
varyini the direction of the milagmictic fieid grodicnt tcldiklly between successive
acquisi ions.
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Figure 4. The image resulting from a filtered back projection reconstru.tin of the
data shown in figure 3. riltering was performed in th, spatial domain and sharp
glitches (one data point wide) were removed by hand prior In deconvolution to
avoid large artifacts. These glitches were the result of spin-locking a small portion of
the magnetization along Itit effective field, and are commo ai niultiple-pulse
experiments.

Figures 3 and 4 show an example of applying this imaging method to a phantom
consisting of two pieces of adamantane. the two pieces of adaiantane are well
resiolved in this inage which is a reasonable repre.sentaiin of tie adual spin density
distribution.

As we have applied this method a conventional NMR imaging microscopy
probe performs well, and there is no need for either fast or strong magnetic field
gradients. Of course the restriction to samples which fit inside f a 3 mn RP coil is
severely limiting, but there is amply space inside microscopy gradient cal sets to
accommodate a sample of up to 2 cm or nuore. Clearly, to apply these methods at this
scale will require that the RF portion of the probe be modified to withstand the much
higher power levels, along with usin a high power amplifier anda new RIP coil insert.
These modifications are easily made if the miaging spectrometer is already capable of
solid state studies as is the case for the MSL-400 which was employed here, Such
modifications may represent a next step in evolving solid state inaging techniques
which are robust and simple to apply, Ahiiiugh the approaches which promise the
best results are multiple.pulse imaging with intercalated shortgraient pulses [11-13),
and MAS methods (3-5) where the isotropic chenical shitI is of interest, these
techniques are still being developed and the simpler methods described above may
find sonie use today.



CONCLUSIONS

We have introduced a method of solid state imaging which can be easily
implemented on most existing micro-imaging instruments. bi accomplish this the
sample size has been restricted to fit-within a 3 mm W~. sample holder, and the
reduction of resolution at the edges of the image has been accepted. A niultiple,-pulse

seune which eliminates homonuclear dipolar broadenings, as welt as chemnical shift
an sseptibility shifts has been used which is forgiving of small pulse imperfections,
and an oscillating magnetic field gradient is employed to Preserve gradient encoding.
It is hoped that I liii or similar experiments will allow a wider range iof potentalial users
to explore the possibilities of solid slate NMR imaging without rvxluiring a large
investment in both time and research foods.
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THREE DIMENSIONAL (3D) ELECTRON PARAMAGNETIC RESONANCE
IMAGING TECHNIQUE FOR MAPPING POROSITY IN CERAMICS

G. KORDAS and Y.H. KANG
NSF Center for Advanced Cement-Based Materials, Department of Materials Science and
Engineering, University of Illinois at Urbana-Champaign. Urbana, IL 61801. USA

ABSTRACT

A three dimensional (3D) Electron Paramagnetic Resonance Imaging (EPRI) method has
been developed to probe the ttstcture and size of pores in ceramic materials. A computer
control current source and magnetic field gradient coll assembly were added on the conventional
EPR instrument as imaging devices. This added-on facility was tested using a phantom sample
having cavities filled with DPPH (2,2-diphenyl-f-picryihydrazyl) particles. Pnmtc was then
used to demonstrate the feasibility of the technique. Porous pumice stone was immersed in a
0 5mM. I SN-PDT-watcr solution to introduce the spis labels into the open volume of the
sample. A two-dimensional imagi'was reconstructed from a set of I-D projections using a
filtered ack-projectio technique. A three-dimensional image was derived from 22 2-D images
each constructed by 22 I-D projections. At present, the facility allows a resolution of 69 and 46
lum for 2-D and 3-D imaging,

INTRODUCTION

Magnetic resonance imaging has been anounced by Lauterbur 11] for the first time. Since
that time, the development of imaging capability of EPR spectroscopy has been attempted is
such various fields as studies on paramagnetic impuities in solid materials 12,3), diffusion of
radicals in tissues (4,5, and those in adsorbents (6, Unlike the NMR imaging EPRimaging technique has ass found a wide applicasos yet partially due to infrequent occurrence of
nnpaired electrons with suitable concentration is ermics. However: by using stable nitroside
raicals us an ima ing substance, EFR imaging can provide useful ieformations about the
interal geometry u the solid materials. O

The linear spatial resolutios along thu field gradient depends on the linewidth of the spin
label, Ait. and the magnitude of field gradient. G - dH/dz (G(-=l0"

4
T)/cm) 181-

8z aui.G (1)

where k is equal to 1.73 and 1.18 for Lorentzian'and Gaussian lineshape, respectively. A
reasonable linewidth of 0 6 G from 0.5 mM 

1
51%-substituted pcrdeutereted Temponc(2,2,6,6

tetrmethylpiperidine-d 16-N-oxyl.4-one, 1
5

N-PDT) and field gradient of 100 G/cm can easily
be realized at present. This conditions results in a spatial resolution of 34 Jim. The resolution of
this technique was improved by a setup generating a field grad:ent of 3300 G/cm (9]. Electron
Spin Echo (ESE) spectroscopy with a pulsed field gradient can enhance the spatial resolution of
a CW-EPRI by three orders of magnitude [10).

In our present paper, we prove the potential of EPRI method to image the pores is purmce
that served as a model material for this feasibility study. The EPRI setup was tested using a
phantom sample.

EXPERIMENTAL

Instrumentation

The gradient coils shown it Figure I consist of a set of anti-Helrhltz coils and of a set
of rectangular coils. The coils are tightly attached to the surface of the main magnet for efficient
cooling. The anti-llelmholhz coils produce a linear magnetic field gradient along the z axis of the
cavity. The ny gradient is produced by another pair of rectangular coils placed inside of the z
coils. Gradients at different angles were produced by changing the current through the z coils
Mt. R Su. SiMp Pro, Vol, i. 1991 Materiils ReStireh SocietyIt
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and xfy coils. Different imaging planes can be selected by rotating the x/y coils around the z
axis. As a result, the projection cari he oriented at any angle.

Xi

Figur I. Gradient coils assembly for EPRI (imaging plane it shadowed)

Data collection and image reeongtructoon

Pumice stone. were used for this feasibility study that is known to contain large pores.
Samples with known dimensions were cut from the stone and were soaked in 0 5 mM I$N.PDT
for 5 hours to introduce the nitroxide radicals into the internal open empty volume. 1he phantom
sample consists of four plexy glasses with cavities having known radii and depths. Figure 2
shows the schematic diagram of the DPPH phantom sample.

well-depth .7m -- 6mm

6mm
Figure 2. Schematic diagram of DPPH phantom simple

The experiments were performed at 9.5 GHz using a Varian E 112 spectrometer with a <
conventional TE.102 cavity. For two-dimensional imaging, a set of 33 projections over 1800
was measured, The spectra were integrated and integrals of the low-field lie of the nitroxide
hyperfine spectrum were used as the data to generate the image. A two-dimensional image was
reconstructed by the filtered back-projection technique, using enhanced projections by
Blackman filter (111, For three-dimensional imaging, a set of 22 projections were obtained for
22 imaging planes equally spaced between 00 and 171O

.
/
T

wo
-s

tage filtered back-projection (12)
technique was used for 3-D image reconstruction. Stage one produced a set of 22 two.
dimensional image using a three point filter [13], and stage two created the final three
dimensional image array (653) from 2-D images.



23

RESULTS

Figure 3 shows surface plots of planes selected from 3-D image arrays of the DPPH
phantom sample. These surface plots shows the position of the DPPH particles in good
agreement with the geometrical location of the holes in the phantom sinmple. Irregularities in the
shape and intensity of the peaks are due to the nonuniformity of the distributon of DPPH
particles in the holes. However, the image qualitatively provides a good description of the
internal and external geometries of the sample.

Figure 4 shows a typical 2-D image of the central plane of the pumice sample. The color
tnes in this figure vary from white to dark blue. White is the highest density of spin labels in

the sample corresponding to the holes. The dark blue area of the figure corresponds to the
background signal of the sample holder. The light blue tones conforms with the solid pumice
sample. This figure clearly shows how the pores are interconnected with each other. It becomes
evident from this figure that this figure reveals the structure and size of the pores in a material.

Figure 5 shows a sequence of 15 intensity plots out of 65 imaging planes along the
exteral magnetic field. The bright area in each imaging plane represents the strong EPR signal
intensity from the spin labels localized in the internal open volume of the sample and therefore
corresponds to theporosity. From this figure, it is well shown how the porosity and complexity
of the sample are changing throughout the sample.

(a)

(b)

Figure 3. Surface plots of planes from the 3.D image array of the DPPH phantom: (a) plane

z=24 (DI hole),'(b) z=34 (AB.C, and D2 holes), and (c) z44 (D3 hole)

CONCLUSIONS

With these experiments, we demonstrated the accuracy and applicability of EPRI for
porosity measurement in cerarmcs. Obviously, modification should be made to improve the
performanc of the imaging device. Also, a larger field gradient and more projections will be
required to improve the resolution. An imaging substance exhibiting a single line with a narrow
line width would increase the resolution of the technique considerably, For such spin labels the
compatibility of the imaging substance with the sample must be considered before measurement,
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Figure 4. 2-1) image of x-z plane
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Fgure 5. 15 x-y planes out of 65 3-1) image planes of pumice along the z-axis
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IMAGING OF DIFFUSION PROCESSES IN DIFFERENTLY CROSSLINKEDPOLYSTYREN ES BY I1H AND 19F- MICROSCOPY

M 11g, B.Pfleiderer*, KAlbert, WRapp, E.Bayer
University of Tuebingen, Institute of Organic Chemistry. Tuebingen, Germany.
* Massachusetts General Hospital, NMR Center, Charlestown, MA, USA

Polymeric beads are valuable tools for a variety of applications in chemistry, e g.
separation and synthesis support. A common property of all applications is, that
diffusion processes and mass transport balances play an important part and are
heavily dependent upon matrix parameters such as crossinking. We have applied
1H and 19F-microscopy to monitor diffusion processes In differently crosslinked
polystyrene beads (CL-PS). MRI is used primarily as a medical diagnostic method,
but has begun to find increasing application in material science, including studies
of fluids in polymers (1,21.

Although it is possible to image the beads (diameter 200 mm) themselves, the
monitodring of diffusion behavior and matrix homogeneity requires bigger samples,
For this reason, we prepared cylindrical shapes specimens with a diameter of 8mm
using the same materials and methods as for preparation of the beads. These
samples were then exposed to slightly doped dioxane (4 mg/ml Cr(Ac)2) in test
tubes at 50C and imaged on a Bruker MSL 200 spectrometer equipped with a
micro-imaging accassory We used a FLASH gradient echo imaging sequence [3),
because we found it offered the best contrast and we could adjust parameters to
get exclusively spin-density weighted images.

Fig.1 shows four stages of the dioxane penetration in 2.5% CL-PS. The solid
unswollen polystyrene (PS) appears black due to its extremely short T2. The
surrounding bulk dioxane Is bright ,wilh the penetrating diffusion front showing up
In differently grey levels corresponding to the dioxane concentration In the matrix.
The absence of Inner voldi and stress cracks indicates a high quality of the mate-
rial. The penetration takes place with a remarkable geometric homogeneity, the
front remaining circular in shape until reaching the core of the saiiple. Fig.2 is a
stacked plot of the signal intensity of semi-profiles stretching from the center of the
cylinder to bulk dioxane in the test tube, CL-PS values were 1%, 2.5% and 5%
respectively. The figures indicate the time (in minutes) elapsed alter exposure to
dioxane. The plateau to the'tght is the signal of bulk dioxane, the inverted spike is
a susceptibility change due to a local concentration of Cr-ions at the surface of the
swollen polymer. The diffusion gradient Is to the left of the plateau, The low plateau
of untouched PS is the extreme left. The stacked plots demonstrate the con-
sequences of cross-linking: the 1% CL-PS sports a steep gradient advancing with
time but keeping its slope throughout the process and followed by a concentration

MAt Re . Soc, Syrp, Proc, VoL 217, 1991 Matoerials Research Society
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plateau. This can be correlated to a type of diffusion which is referred to as CASE If.
5% CL-PS in the beginning shows a steep gradient starting at the surface of the
sample, gradually flattening with time, which is the normal fickian way of diffusion.
The behavior of 2.5% CL-PS ties between these two extremes, showing elements
of both types.

Fig.1 Cross-sectional FLASH-Images of PS-cylinders. Four stages of diffusion
after exposure to dioxane.
the Imaging parameters used are: ix - 150, TE - 4ms, TR - 50ms,
gradient strength a 5OmT/m, data matix . 256-256, slice thickness - 1.5mm,
FOV - 15mm, pixel resolution . 115 tim.

Fig.3 is the diffusion distance plotted versus time. We defined a cfistinct threshold
intensity value and monitored its spatial advance, by taking the difference between
the original diameter of the cylinder and the radius oi the unswollen part e1 the

sample (this convention is necessary due to the swelling), As expected, the velocity
of the advancing front depends on the cross-linking, with the 1% CL-PS being the
fastest.
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Fig.2 Stacked plot of the intensity profiles. Note the different time scales.
a. 1% crosslinks, b. 2.5% crocslinks and c. 5% crossa~nks.

Diffusion of Dioxone in Polystyrene

J2~

0i -I-
Tm~e (n)

Fig.3 Ditfusion distance With time.



Fig 4 reveals the swelling of the cylinders dunng uptake of fluid with time,

measured as the difference between actual and original diameter. The swelling

curves indicate somewhat similar results to the velocities. In summary, a qualitative
interpretation of the data reveals the fact that a slight variation in cross-tinking

results in a complete change of the diffusion type. The use of the extended Darcy-
probably due to the extreme swelling of the specimens. So other algonthms have

to be found. A quantitative evaluation is currently under way.

Swelling of Polystyrene in Dioxone
4..

li

g. - rrG (mek ) rem xi ZE .d

Fig,4 Radial swelling dynamics.

19 F-MRI has found limited application in biomedical problems, but it promises to
be a useful technique In material science [5], 

19 F is second only to the proton in

terms of sensitivity. Fluorine can be attached to organic compounds either by direct

substitution or by derivatization.' Fluorinated compounds are employed In technical

processes as solvents and for extraction, swelling and foaming agents for
polymers.

In analogy to the well-establishid use of chemical'shift ItH.MRI it should be
possible to track diffusion processes and liquid-liquid displacement mechanics with
19F.microscopy. Using the same set-up as for the 

t H-images above, we could
visualize the penetration of C6F6 into polyatyrene, resulting In images quite similar

to Fig.l. A liquid-liquid displacement process In the same polymer, with the PS

preswollen in benzene and then exposed to C6F6, Is shown in Fig.5, In contrast to

i ....... .
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the combined cditfuson-sweling process above. the pure dffus traced here
occus witou t the formation of a wel-delned fon. bi seen gly moves through
channels and irregulaities m the mesh. k seems Mat the material does not have
the degree of homnogeneity one wouid consider Ome looluig at Figi.

Fig 5 1
9
F-Mcroscopy: Displacement of C6F6 in already swollen PS sample.

FLASH Sequence with the same parameters as in Fig.1.

Fig 6 depicts the migration of an amino acid over PS-beads, which are swollen
in tetrahydrofurane. Such systems are used for the separation of peptides. The
beads have an an enormous inner surface consisting of microchannels.

Separation is controlled by diffusion between in bead and bulk volume. The amino
acid was derivatized with pentafluorophenol, a common substrate for such com-
pounds. The figure shows a longitudinal section of a test tube filled with such
beads (single beads are not resolved). Following are three 19F-images: after add-
tion of the amino acid (b). when penetrating the *column' (c) and when reaching
the bottom (d). The images show for the first time, that the amino acid is capable of
unhindered diffusion in the bead pores and therefore does not remain within the
beads.



Fig 6 a. 1H image of PS beads in tetrahydrofurane.
b. - df. corresponding 19F images after addition of derivatized glycine.
Spin-Echo sequence.

Additionally, we are investigating diffusion processes in polystyrene beads on a
more macroscopic scale by looking at packing homogeneity and shape of chro-
matographic bands in real chiromatographic columns. Results are presented else-
where.
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Charateiriaton of Stessed and Crosslinked Poymes by 13rCPA S and
NMImaging

Winfried Kuhn, Isolde Theis and Elmar Koeller
Fraunhofer-Institute for Nondestructive Testing, Magnetic Resonance
Division, Ensheimer Str. 48, D-6670 St. Ingbert

1. Introduction

Aging of polymers and elastomersis a time dependent alteration of the
chemical composition and physical properties depending on the aging
conditions. Chemical reactions and hence changes in the chemical
composition result in many cases from influence by oxygen or solvents and
treatment of the hulk material at high temperatures. Aging of the materials by
mechanical strain as well as in an oxidative manner can alter the ratio of
amorphous to crystalline portions in the polymer, break chemical bondings
and hence can alter the physical behavior of the materials.
Aging processes have been studied in the past by the measurement of
macroscopic parameters such as mechanical and dielectric relaxation and-
thermal and electrical conductivity. From these experiments only a
phenomenological understanding of the aging process is possible.
The basis of aging processes on the molecular level is up to now not known and
not well studied. Since the development of high resolution solid state NMR
spectroscopy exists a tool to study both the chemical composition as well as the
molecular dynamics of polymers and elastomers. By means of 13C-MAS the
chemical coMposition can be determined quantitatively and 13C-CP/MAS the
dynamic properties of the lolymer chains can be studied by variation of the
cross polarization contact time and the determination not only of the spin
lattice and spin spin relaxation times of the protons, which are sensitive to
molecular motions in the MHz range but also the relaxation times for protons
and 13C nuclei in the rotating frame, which are sensitive to motions in the kHz
range. (1,2)
High field NMR imaging recently developed and known as NMR microscopy,
(3), can in addition to spectroscopy give important information on the
morphology of the bulk material and inhomogeneous regions of different
molecular mobility, caused either by crosslink-inhomogeneities or aging of the
material. Inhomogencities in molecular mobility can be detected by relaxation
imaging, which allows the spatially resolved determination of the spin lattice
relaxation time T, the spin spin relaxation time T2 and the relaxation time T55
in the rotating frame. From such experiments images can be calculated
where~the contrast is proportional to the local relaxation times which are
finally pure relaxation images. Such measurements canbe performed on the
bulk material as well as on material which is swollen in a protonated or
deuterated solvent (4). The swelling behavior depends on the crosslink density
and several other factors such as e.q. brittleness, caused by oxydative aging.
Due to the swelling behavior T2 becomes longer and T, is to expected shorter
because the increased mobility of the polymer chains. If the swelling is caused

Mal, 0e$. S, So ylp. Pio¢ Vol. 217,'1991 Maltrlis Reseaerh Society
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by protonated solvents it is expected-that only solvent distribution and their
relaxation times in the swollen polymer. can be determined. The diffusion
process itself and its time dependence, can also be characterized because the
high mobility and concentration of solvent protoni. In'aseo deuterated solvents
have been used the protons of the polymer itself and their relaxation times can
be detected. This should r sultin a more detailed information about the
mobility of the polymer chains itself.
The aim of this study was to find a correlation between NMR parameters such
as the relaxation times-TpH and Tc&s determined by 13C.CP/MAS and T, from
IH spectroscopy. Detection of inhomogeneities caused by different curing and
aged by mechanical stress and-oxidation 'on mono- and' polysulfidic
crosslinked natural rubber of the bull'matoiial as well as swollen pol'mers ii
possible by 1H-imaginig.

2. Materials and Methods

2.1 Matrials

Natural rubber samples'treated by mechanical and oxidative aging were used
for'the study. The simples contained carbon black, stearic acid, zinc oxide,
antioxidant, sulfui-and' accelerator for crosslinking and were mono. and
polysulfidic crosslinked and cured for 80 min at 1500 C. The mechanical stiess
occured in a Monsanto fatique tester with 100 % elongation and a-cycle time of
lsa until break. The material from the broken region was taken for
spectroscopy and'imaging. Oxidatie aging occured at 900 C for 4 days in an
air stream, The control experiments were performaed on untreated samples
manufactured at the same curing.and crosslinking conditions. The following
scheme shows the jirogram under work.

crosslinking ,monosulfidic polysulfidic
curing conditions 807/1500 80/1500
untreatid S I S I
mechanical stressed S I S I
oxidative aged 'S I S I

S. 13C-CP/MAS with contact time variation and 13C-MAS spectroscepy was
performed

I: Spin-echo imaging and TI-imaging on both the non swollen as well as
swollen' samples were performed.

For imaging rubber samples with a size of about 1.0 x 2 i 4 mn
3 

were used. To
study the swelling behavior and the diffusion of solvents in the samples a rod
of a length of 2.5 cm weie stored for 3 min in deuterated cyclohexone (99,9 %).
To make sure that a tko dimensioial diffusion okcred a piece from the'center
of this rod with the same dimeiidns as described. above was taken and
measured at 220 C. The weight of the sample was measured before and after
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the NMR experiment to determine the loss of solvent during the measuring
time.
To determine the diffusion behavior of the deuterated as well as protonated
cylohexane 2D images were taken every 9 min with a recovery time TR=250 ms
and a spin echo time TE=17 ms. The evaluation of the diffusion time constants
occured'accordiig to fig. 1. Two orthogonal profiles ere plotted and the rtio
between the flat region of the profile and the profile maxima was calculated
aad'averaged: This value was then plotted versus the diffusion time.

AX M WMFig. Iandaverged:This Mx, m Schematic draw of analyzing the

diffusion experiments, Two
perpendicular intensity plots across

_t______ the sample were taken. The average
0 4-igrY 2mm value of the measured intensities-was

used for the calculation of the
diffusion behavior.

2.2 Spectscopy~

13C.CP/MAS spectroscopy was applied at a sample rotation frequency of 5.0

kHz using a 7 mm rotor and a conventional high power broadband MAS
probehead. The contact time was varied between I ms and 40 ms in 32 steps at
different CP-times. From the resulting contact time curve we could determine
the position of the maxima and relaxation times in the rotating frame by
means of a mono-and double exponential fitting routines. The experiments

were performed on a Bruker MSL 400 spectrometer equipped with a
microimaging accessory.

2,.3 Imaging

Imaging experiments were perfoimed to localize the inhomogeneities in the
observed slice, the size of the aged part of the material and to determine
spatially resolved the spin lattice relaxation time T1.
For this studies images without any slice selection were taken from both the
unswollen as well as swollen samples with a slice thickness between 300 pm
and'2 rem. To reduce the spin echo time TE only hard pulses with a typical
pulse length of 8 jos for a 90 degree pulse were applied. Gradient strengths of
150 mT/m were used for the in plane gradients to achieve a calculated pixel
resolution of30 x 30 zm. The linewidth'of the proton signal was about 1500 Hz



36

which limits the spatial resolution in the images for the, applied gradient
strength of,150 mT/m to 230 lin. For data processing the time domain data
were filtered with a gaussian filter, baseline corrected and 2D transformed,
The images are represented by a 256W data matrix. No other data
manipulation-was applied. The T1 images were analyzed with a self-written
program (SUNRISE) using an algorithm described by Dietrich etal. (5). T1
values, according magnetization M. in the. thermal'equilibrium and the
saturation pulse angle were calculated for each-pixel.,From ,this calculation
each of them can be choosen as selection parameter and. for each of them a
parameter selective window can be adjusted. The image display shows then
only such regions, where the choosen parameter fite in. This parameter
selective image analysis programin (SUNRISE) works for monoexponential
T, and multiexponential T2 analysis using five different algorithms, is
written in C and runs on Bruker X32 as well as SUN4 workstations. .T
imaging was performed by application of a 90 degree aperiodic pulse
saturation sequence (fig, 2) (6) folloswed by variable delays in a range between
50 cos and 3 s and a spin echo imaging sequence described above.

Fig. 2

TI-imsgng pulse sequence with an
aperiodic saturation pulse train (APS)

" A prior the spin echo imaging sequence.
Imaging without slice selection
(profile imnaging) was applied.

x Between twovariable delays VD the
entire image was completely taken in
256 phase encoding steps. 8 variable

Y delays between 50 cos and 3 s were
choosen. The APS sequence started
with 512 cos, next value was 256 cos,
than 128 cos etc. until 16 ps.

S. Results and Discussion

3.1 ' 3C-MAS and .CPMAS-Spectroscopy
13 C-MAS measurements of all samples (untreated, mechanical and oxidative
aged) show the same well known spectra for natural rubber with no specific
characteristics (fig. 3). From CP/MAS-spectra the contact time constant TC11
and the proton spin lattice relaxation time in the rotating frame. TipH could be
deter74ined for each spectral line in the 13C spectra. The monosulfidic
crosslinked spectra show at a CP-time of 12 ms a signal at 46.4 ppm which
could be assigned according to (7) to C-0 bridges but could not be observed
without CP and in the polysulfidic samples.

Monosulfidiccosslinks

Same trend is found by the determination of Ti. H . For oxidative aged
material the TCH as well as TpsH values show the same behavior for normal
and overcured material, The evaluation of the C.C signal at 125.3 ppm in the
spectra of the stressed overcured sample showed some difficulties and was
not interpretable. Aliphatic signals at 25 ppm show longer TCHi after
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Fig. 3
13C-CP/MAS spectrum of a monosulfidic cured oxidatively aged natural
rubber sample, Contact time was 12 ms

mechanical stress and oxidation of the sample which could be a result of a
higher mobility of the polymer chains caused by changing the crosslink
structure through breaks of the crosslink knots. The same behavior
isobserved for TlpH (table la and lb)

Polysulfidic crosslinks

In comparison to manosulfidic crosslinks are in general remarkable shorter
Tcii values observed which are caused by a lower mobility of the polymer
chains. The same behavior is observed for TipH, TCH becomes shorter in
oxidative aged samples compared to nontreated material. The T1,11 values
show the same behavior (table 2a and 2b).
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Table I

a) TCH - values [ms]

chemical shift untreated stressed aged 4 d/90' C

(pm]

1346 119 11.4 135
1253 68 43 7.9
32.4 15 2.5 2.5

266 20 58 4.5
23.5 3.2 96 8.7

b) TRpH - values [ms]

chemical shift untreated stressed aged 4 d90 C
(ppm)

1346 23.2 269 465
1253 2.1 269 27.7
32.4 19.1 252 26.7
266 202 220 255
235 21.9 27.5 27.7

Table 2

a) TCI[ . values (ms]

chemnical shift untreated stressed, aged 4 d/90 C

(Win
1

134.6 65 3.8 55
1253 4.5 19
324 20 1,4 1.8

266 34 13 2.0
235 58 4.0 4.8

b) T1jp1 - values (ms]

chemical shift untreated stressed aged 4 d/90* C
(w ea

1346 15.4 15,17 200
1253 143 20.1 202
324 12.5 135 183
266 ,146 174 192
235 198 18,4 200
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3.2 Imaging

Strong T, weighted images were taken from all samples to show reiaxation
and spin density dependent contrast. The T, weighted images from untreated
(fig. 4a), and oxidative aged (fig. 4b) monosulfidic unswollen imaterial show
similar structures. This structures can either be caused by inhomogeneties in
spin density or by inhomogeneous crosslinked regions. There is no"
characteristic difference between aged and untr~ated material observable. T,
imaging on monosulfidic crosslinked samples shows also no characteristic
differences between untreated and stressed samples, but slightly lower T,-
values in the oxidative aged sample. N
From the' swollen material the s 0",W oxww
diffusion behavior of the solvent can be
derived. The-images of the swollen 2g0

untreated as wellas treated material
look qualitativly very similar but the 2

diffussion time constant is quite I's
different. The diffusion can be
detected by changes in the molecular I
mobility of the polymer chains during o s W 75 100 12

the swelling process. Fig. 5a shows an ,
intensity plot according to fig. 2. In A5,dys.iAf
fig. 5b the same'plot is shown for the 2.5

oxidative aged material. The signal
decays to 50% intensity in the 2

untreated sample after 52 min while it
falls down to the same intensity in the
agedsample after 73 min. Hence the
diffusion'of the solvent is remarkable 0 so $0 750 12i

slower in the aged sample compared
to the untreated material. This may be Fig. 5

caused by brittleness of the aged a) Intensity plot of the diffusion of

material. This results indicate that deuterated cyclohexans into an
mter iffs tmecsnt cdc e at untreated monosulfidic cured naturalthe diffusion time constant could be arubrsmebSaepoassow

sensitive parameter to characterize rubber sample. b) Same plot as seown

the oxidative aging of monosulfidic in fig a) but of an oxidatively aged

crosslinked material,
From the T, analysis no significant differences in the T1 values of untreated
and aged materials could be derived.
Fig. 6a shows a T, weighted image of the unswollen polysulfidic crosslinked
overcured material. No remarkable difference between mono. and polysulfidic
crosslinked material'is visible, Fig. 6b shows the image of the oxidative aged
unswollen sample. A region of about 300 im thickness on each side of the
sample can be- very clear observed and results from the oxidative aging.
Parameter selective T1 image analysis shows the differences in T1 in the
noniged (fig, 7a) and aged region (fig. 7b) of the sample. The T1 values of the
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Fig.4

T, weighted images taken from unswollen monosulfidic crosslinked overcured
material. (a) untreated, (b) aged by air. The pixel resolution is 30 x 30 Pim, slice
thickness is 500 pr, TR = 250 ins, TE = lIms.

Fig.
a) T1 weighted spin echo image of polysulfidic cured untreated material. The
image shows similar structures as the image taken from monosulfidic cured
sample.
b) T, weighted spin echo image of polysulfidic cured oxidatively aged material.
The aging conditions were the same as for monosulfidic cured aged material.
Very clear visible are the aged regions and the nonaged region in the center of
the sample.
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Fig. 7a
Results of the parameter selective T image analysis of the images from the
sample shown in fig. 6b. The T1 window is in the range between 700 ms and
1050 ms. Only the magnetization in the aged region of the sample contributes
to the signal in the image.

Fig. 7b
Same sample as in fig. 7a, but the T, window is now adjusted so that only
magnetization with relaxatior timed between 500 ms and 700 ms contribute to
the image. Only the nonaged part of the sample is visible due to the higher
mobility of the molecules in this region.
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nonaged region are significantly'shorter (500-700 ins) than in the aged region
where they are in a range between 700 ms and 1.2 s. The differences in
contrast are still greater in the images of the swollen polysulfidic Crosslinked
sample. The T1 imageianalysis confirms the results obtained on the unswollen
material. The -mechanical~stressed polysulfidic crosslink d unswollen and
swollen samples show surprisingly similar structures as the oxidative aged
samples, The'same'is observed by T, image analysis. The T, values are
comparable to the values determined for the oxidative aged material. This
could result from the warming up ofithe sample during mechanical stress
which leadi to oxidative aging on the sample surface at the same time.

Ccnclusion

It could be shown that high field imaging is a very promising method for the
characterization of aged and nonaged elastemers. By means of parameter
selective T1 imaging regions with different crosslink densities or different
molecular mobility caused either by the crosslinking process, aging by
mech'inical stress or in an oxidative manner can be clearly identified in
unswollen as well as swollen polysulfidic crosslinked materal. Not onlythe

,differences in molecular mobility can be detected by parameter selective
imaging but also the size of the aged regions in the sample can be measured,
Moreover inhomogeneities in the bulk material caused by any kindof defects
such as voids or crazes can be resolved if there size is in the order of560 Jm to
100 hem. The determination of the diffusion time constant of solvents diffusing
into the bulk material can also give valuable information about cresslink
density and aging of elostorneis. It could be shown that' the diffusion of
deuterated cyclohexanoeand thechange in molecular mobility of the polymer
chains occur for aged and unaged samples in monosulfidic crosslinked
material quite differently. The 13C-CP/MAS measurements can also be applied
to characterize aging processes in'elastemers and prove the results obtained by
imaging experiments.
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ABSTRACT

Fast NMR imagingtechnques for the study cf objects with circular
or spherical .symmetry are intrduced. Quantitative, radially-resolved
information for an object with circular, symmetry is obtained by Abel
inversion of a single one-dimensional (ID) NMR image or equivalently
by Hankel transformation of the ID time domain NMR signal. With ade-
quate sensitivity, the entire image -information is obtained in a single
experimental iteration, providing snapshot temporal resolution. Thus
thesetechniques, are useful for the study of transport phenomena.
Spherical objects can also be radially, resolvedfrom a ID projection
image by applying, two sequential Abel inversions, or in one simple
differentiation, step. These radial imaging- techniques are easy to imple-
ment and the computational and data storage requirements are
nominal. These- procedures are also applicable to microscopic and solids
NMR imaging, as well as to X-ray CAT and other projective imaging
techniques. Noise effects, and the detection and handling of distortions
from circular symmetry are also considered.

INTRODUCTION

Nuclear Magnetic Resonance Imaging (NMRI or MRI) is a non-
invasive method for obtaining static distributions of nuclear spins
which, while, well-established in the'biomedical field, is becoming a
popular tool for basic sciences and engineering resarch (1,21. It is also
an important tool for the study-of transport phenomena. NMRI is
noninvasie and so may be used to follow the time evolution of the
sample. Another advantage of NMRI is-that can readily be combined
with NMR spectroscopic, relaxation and flow measurements to provide
spatially resolved chemical and physical information,

Because transport phenomena are dynamic processes, the NMRI
data must be collected quickly to obtain temporal resolution.
Unfortunately, the inherently low S/N-ratio and long T1 values for NMR
as compared to other spectroscopies often necessitates long exper-
iment times. Only for very slow transport-mechanisms will these
experiment times result in information with sufficient time resolu-
tion to obtain accurate transport parameters, Gaigalas, et al. (3)
showed (using a model system with circular symmetry) that
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conventional two-dimensional (2D) NMRI of fast transport processes
can lead to blurred images. One solution is to employ fast 2D NMRI
schemes such as'FLASH [4,Iand echo planar imaging [5]. These
techniques '(which are baseodon gradient echoes) are often inappro-
priate for materials imaging because they do not refocus, T2" effects,
which are often significant for heterogeneous materials and solids.

Another solution is to impose high symmetry upon the sample
and use 1D NMRI (several researchers use the term projection imaging,
which we use synonymously with 1D NMRI). Gummerson, et a. [6),
studied unsaturated flow in porous media by imposing axial symmetry
upon the sample and imaging in the axial direction. Guillot, et al. (7,
monitored the drying process of a cube-shaped limestone rock using 1D
(and 3D) NMRI. Blackband and Mansfield [8] demonstrated the Fickian
diffusion behavior of water in nylon at 100oC using 1D NMRI.

Radially symmetric (i.e., circular and spherical) systems are also
convenient for the study of transport, processes. First, only one or two
spatial parameters are involved, which makes for simpler modeling.
These systems also experience reduced pressure g'adients (and lower
strain) (9). Many systems, e.g., drying porous solids 17), naturally take
on a spherical profile at advanced stages for this reason.

We have recently developed a fast ID radial imaging (or, if one
prefers, radially averaged profiling) scheme for studying systems
with circular or spherical symmetry [10].-For a circular object, a ID
NMR image signal fc(t) is obtained in a magnetic field gradient GI
aligned transverse to the sample symmetry axis. This signal is
converted to a radial image F(r) by using a Hankel transform HT, or
equivalently in two steps by a Fourier transform FT followed by.a
inverse Abel transform IAT [11], ie.,

F(r) - HT[fc(t)] - IATfFT~fc(t)]}. (1)

ID NMRI yields the highest signal.to-noise (S/N) ratio 112] for a fixed
experiment time, because all of the spins in the sample are refocussed
at each repetition, and all repetitions are added. HT or IAT[FT],
processing yields a radial profile with spatlaly invariant resolution,

The enhanced SIN ratio makes radial imaging useful.for studying,
small samples, or for imaging less sensitive nuclei. Thus radial imaging
is applicable to microscopic imaging transport stidies (13]. Fast
imaging is also useful for NMRI experiments which involve the
collection and processing of much data. For example, we are currently
using radial imaging to characterize the evolution of pore structure and
connectedness in cylndrically cast sol-gels during aging and drying
processes [14]. The determination of pore size distributions involves
the collection of many (20 or more) TI or T2-weighted datasets, (15],
followed by a point.for-point -inversion of the data. Radial imaging
yields the data in compact form in the shortest time.



11e noise in NUR data presents special considerations for radial
imaging. Whereas FT processing of random noise returns random noise.
Abel inversion distriutes noise in an envelope which has an approx-
imately 11r radial dependence [161. yielding a higher SIN ratio at the
edge of the sample. This is because the integration limits for the IAT
transform vary with radius over the projection image. Thus, radial
imaging yields a less noisy signal at the outer edge of a radially
symmetric object. at the expense of features at the center.

Radial imaging requires true radial (circular or spherical)
symmetry. Sample imperfections such as point defects or eccentricity
will yield incorrect results. Radial symmetry is inferred by mirror
symmetry (a necessary though not sufficient condition) in the trans-
verse ID NMR images. This can be checked by comparing projection
images obtained at several transverse angles. If the images vary in
shape, width, or symmetry, then the object is asymmetric. One can
collect as many independent image angles as the kinetics of the trans-
port process allows, which (if equivalent) can be added to enhance the
SIN ratio.

In the presence of one or a few point defects. i.e., sites of high or
low spin density-one can sometimes minimize or avoid image
distortions by moving the defect(s) to the center (where the SIN ratio
is poor anyway) or to one side of the projection image and the IAT
procedure applied exclusively to the other half. Such distortions can
often be eliminated by careful sample preparation and alignment
(perpendicular to the imaging gradient, and parallel to the gravity
vector if important).

We have tested the radial imaging procedure by measuring the
effective diffusivity and time-resolved radial concentration profile of
water in a model porous solid [17]. An ultra-fine zirconia powder with
fairly narrow particle size distribution (Toyo Soda Chemical) was
pellted (1.27 cm OD vs. 1.33 cm in length) at 7,000 psia without a
binder, and subsequently calcined at 1173 K in air. Before imaging, the
sample ends were sealed with silicone and the pellet was
concentrically placed within a cylindrical bottle (2.54 cm i.d.) and
saturated with distilled water. The bottle was then filled with 2"20
to the height of the pellet and intermittent IH NMR images were
obtained at 1-10 minute intervals over eight hours.

One dimensional 'H spin echo (900-r-180O-roacquire) NMRI
measurements were performed at a Larmor frequency of 80.34 MHz.
The interpulse spacing x - 5 msec. One hundred twenty-eight complex

points were acquired with a dwell time of 50 psec in the presence of
a 2 Gauss/cm magnetic field gradient which wac aligned transverse
to the sample symmetry axis, yielding a spatial resolution of
approximately 184 lrm. Thirty-two, 0.5 second repetitions were
performed'to enhance the SIN ratio, yielding an experiment time of
approximately 17 seconds.

The data was Fourier transformed and the ID magnitude image

4 ____- -



was retained. The first mment of the image was~assigned to the,
origin- for the Abel inversion (r.0). and data points equidistant from
the origin were averaged to further enhance the S/K ratio. Abel
inversion yielded the temporally resolved radial images. The initial
change of average proton concentration was used to determine the
effective diffusivity of water in the pellet (DE - 6.7-I O-4cm 2lsec).
This value was used to calculate a time-resolvead radial concentration
profile. which was compared withthe experimental images as shown in
Fig. 1.
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CHARACTERIZATION OF BIOMATERIALS.WITH NMR
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ABSTRACT

Sdicone based blosuaterials are characterized with NMR. Bulk spin-lattice (TI) and spin-spin
(T2) relaxation times are measured in polydimethylsiloxane (PDMS) model networks and various
:ype of implants, The.T2 results seem to indicate that crosslink densities of these biomateials
are lower than those of the PDMS model networks studied. III chemical shift NMR imaging
techniques are developed to investigate the aging (e g, migration of free polymer, rupture due
to mechanical stress, etc.) of biomaterias in vivo.

INTRODUCTION

Over the past 30 years, plastic and reconstructive surgical procedures have experienced sig.
mficant changes, in part because of the development of new or improved synthetic substances
for the replacement of tissues [1,2). Although these materials are biocompatible, the prosthetic
device lifetime is often found to be very short. The improvement of the bomaterial properties
and performance requires the understanding of the chemical and structural changes induced in
the material after implantation.

Sicoie (PDMS) oil and rubber are the most widely used mainly because of their Inertness,
oxidative and thermal stability at high temperatures, flexibilty and elasticityiat low temperatures
and nonadhesiveness to tissues (3,41. Although, some studies indicate that PDMS has practically
no adverse tissue reactions, toxiceffects are often found due to migration of free PDMS molecules
(all and unreacted materials in the rubber) (5-7) and filler particles (SiOn) [8,9) from the implant.
Moreover, the implant function is frequently deteriorated because of absorption of body fluld
components [10] and chemical reactions with them (11,12).

The senojti''ity of the NMR signal to the environment of a given nuclear spin is well known.
Such environmental features include chemical composition and structure, which are relected
in the details of the chemical shift spa.trum, as well as molecular and chain dysamics, which
affect relaxation parameters such as TI and T2. NMR can produce chemically specific images
in which the co,,trast between different regions will be related to differences in their TI, T
and concentration of the nuclei being obsetved, and it will depend upon the imaging sequence
parameters (flip ange, echo time, etc.).

Previous studies on PDMS have shown the effects of radiation [13), presence of filler (14) and
solvents (151, on 'poton Tt and T2. It isfound that only T2, which is affected by low frequency
motions involving large portions of the macromolecule, is altered significantly, The presence of
crosslinks and physical or chemical polymer-filler interactions hinder molecular motions, reducing
T2 values, The opposite occur' for swollen networks with T2 increasing as the degree of swelling
increases. The degradation of the network structure after implantation may increase molecular
mobility (I e., break-down of polymer chains, reduction in polymer-fillet interactions, absorption

of lipids) and, therefore, Tj may increase as wall. Thus, by Tn-weghted imaging it will be
possible to map changes in T2 that will be related to the implant molecular structure, the degree
ofswellingand the extend of these changes. Also, T2-weighted images will allow the measurement
of the amount of unreacted material present in the implant when the crsslinking reaction taes
place partially or totally in situ (16.

lowever, in order to study the chemical or structural changes Induced in implanted silicones
by ill NMR imaging it is necessary to separate the contribution of the PDMS protons to the
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NMRb signal from that of the two major components pr~sent in animal issd human tisuses:
water and fat. Diffeen techniques have been proposed to enable Spatial resolution of spectra
117-19] aud, irs particular, the separation fat-svater has captured wide attention. The presence
of a third resonance which corresponds to silicone protons makes it necessary to develop and

Op zie chemical shift sensitive pulse sequences thit sorli'enable the acquisition of the desi red
ifraion, ie., the distribution of Silicone in implant and tissue.

The aim of thin work is to develop I4MR spectroscopic and Imaging methods for the char.
acteination of silicone baaed biomaterials, in particular, to study is vies the migratiou of free
material (e g, polymer, reactants, particles, etc.) from the implant to adjacent tissue and the
biornoterial aging.

CXPERIMENTXL

PDMS model networks were prepa8Ws by end..lishing reaction of divinyl-termisated PDMS
chains having a number-average molecular weight between 3,00 and 18,000 g mol

t
' with

SsJO-Si(CIHs)nlJ4 in the usal manner [20).
Various unused silcone hiomaterisis from different manufacturers were studied including

chins, tissne espanders, breast implants, finger joints, etc.

Animal model.

Sprague.D5awley male rats (280 g) were need, Under general anesthesia (pentoharhilsl1, 0
mg Rg

t
1) Sterilined implants containing silicone oil with a viscoity of 1,000 cp were surgically

placed in the rat's lower back. The imaging was performed e n animals at different time points
beginig a week after the implantation, During the imaginig procedure, general anesthesia was
maintained by delivering nitrous oxide oxygeni gas (1:4 v:v) ia face mask to tire animal,

Instrumentation and iechniqees

The lMR relaxation measurements and the is vre IMR imaging of POMS model nctsvorls
and silicone Implants w~ere performed on an MSL 400 spectromueter/imager (ituker Instruments,
illerica, MA) equipped with an Oxford 0.4 T (proton freuency at 400.13 MHn) 8.98cm vertical

bore Superconducting magnet.
Bulk T, and T2 measurements were carried nut using inversion recovery (Ill) and spin echo

(SE) sequences, respectieely The results are shown in Table 1. The inversion time in the Ill
sequence was varied between 0 and 10 s. The echo time (TV, lime belweei the 80* lRP pulse
and the center of the echo) in the SE sequence ranged from 10-3 to I s, The repetition time,
TR, was 10 S in both cases, more thou flee times TI.

III NMII images of the silicone implants were obtained using two-dimensional Fourier trans.
form (2DFT) SE techniques with TEn o~the ordei of 3 to 10 coo, The selective excitation of a
slice throughout the sample 500 pm thick was achieved with a I ms wide sine-function amplitude
modulated liP pulse. The pulse sequence TR was typically I o.

The in rico N'MR imaging of implants was performed in an Omega systems (General Electric,
FRemoni, CA) 4.7 T (protou frequency at 200.18 bMlt) with iu 20 cm horiznutal hore supercon.
ducting magnet. The pulse sequence used is Shown in Fig. 1. It combines Ill With Chemical Shift
Selective excitation In order to discriminate the PDMS proton signal from that of fat and water
present In animal tissues.

RCSULTS AND DISCUSSION

As expected, the Tt dependence on crosslinc density in the l'DbS model networks Is very
small, showing atlight decrease as the molecular weight between crosslinks decrease$ (see Table I).



Table I: T-and T 2 values of PDMS and silicone biomaterials

Sample M. T. T2. f,. Ti,
(g MOI-1) (s) (cos) (Ins)

'Polymer 7,400 1.42 437 - -
Network 3,700 1.19 0.80 - -

7,400 125 1.31 - -
18,000 1.34 2.08 - -

finger - 1.18 4.24 - -

-: 1.25338 - -
chin - 1.10 7.71 --

- 1.14 475 - -
breast (gel) - 1.35 576 0.43 248
tube - 1.29 362 - -
sheet - 1.24 208 - -
expander - 1.21 100 0.61 4.79

Molecular weight number-average (uncrosnked) or molecular weight between croslink$.
5 Component with short spin-spis relaxation time.

Fraction of the component with short T2 contributing to the NMR signal (f, + ft = 1).
d Component with long spin.spin relaxation time.

The T2 changes are more pronounced. As mentioned above, the molecular mobility is reduced
as the molecular weight between croeslinks decreases, shortening T2. The T2 values of the
blomateriuls are larger than those found in the model networks studied which suggest that
implants have lower croslini. densities. There are two exceptions. the sheet and the tissue
expander have values within the range of Tns of the networks,

It Is notable that the 111 NMR spectra of the finger joints and chin implants have two main
resonances resolve, with a small difference in their T2s (see Table 1). This might be attributed to
the presence of, at least, two types of sde groups attached to the Si atoms in the backbone. Only

two of the biomaterial$ studied give the best fit to the experimental results with a blexponential
function (tuao component model). This may be interpreted as the result of two contributions to

I$0 90 ISOMS €h

Gx

Gy

G.

Figure 1. Hybrid pulse sequence for is vivo NhIR imaging experiments. It exploits the
differences hetween Tts of the fat protons and those of water and silicone, and
the 'if chemicl shift of tissue and PDMIS. Typically the inversion time (TI) is
about 150 ine, TE is 20 ms and the repetition~ time (TR) is 500 ins. The chemical
shift selective excitation is achieved with a 3 me wide sloe-function amplitude
modulated 100 101 pulse.

I1
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the NMIR signal, each fraction with a different degree of molecular mobility. In particular, the
results for the gel in the breast implants seem to indicate that the polymer is slightly crossbkned
to an extent of 40 %. The uncrosslinked material is likely to migrate to the implant surface
or to adjacent tissues if it is implanted. This and other aspects related to blomaterials (i ,
mechanical degradation, homogeneity) could be investigated with NIR imaging.

In Fig. 2 is shown'the 1t NMIR image of a chin implant. Several dark spots can be seen
throughout the 500 pm thick section. The lack of NIMR signal in these areas could be attributed
to the presence of ar bubbles or, perhaps, paramagnetic impurities. At the moment, a more
detailed understanding requires further studies.

To assess the migration of free silicone from the implant to adjacent tissue or fat infiltration
into it in vivo by 'If NMR imaging, it is necessary to discriminate the PDMS proton NMIR
signal from those of fat and water (main components of animal tissues). We have achieved it by
using the pulse sequence described in Fig. 1. The results obtained with a rat model ace shlown
in Fig. 3. The image on the left shows a cross section at the rat's lower hack obtained with a
conventional SE sequence. All three components (water,fat and silicone) are visible. An arrow
points to the silicone implant. In the image on right only the silicone distribution is mapped. In
this case, the data was acquired using an 1K-chemrical shift selective excitation pulse sequence.
The tissue and subcutaneous fat are completely suppressed. Some residual fat mainly in the
digestive tract is visible (fat in food might have diflerent NIMR relaxation behavior). At this
early stage, two weeks after implantation, no significant changes are observed in the implant nor
in the surrounding tissue. Work on th- long time effects on iomaterial NAIR properties and
tissue silicone interactions are in progress.

CONCLUSIONS

The results obtained in this work demonstrate that III NIR imaging is an effective tool for
the characterization of silicone implants both in vero and in vico. The images of unused chin
implants show spatial inhomogeneilies that might be a possible cause of unwanted complications.
We have developed a pulse sequence that allows the separation of the proton NMR slignals of fat,
water in tissue and silicone. This sequence will eable the in ivo study of implant aging. The
NMR relaxation measurements, in particular T2 , of the biomaterials studied indicate that there

rgure 2. 'I NMR image of a chin implant obtained using 2DFT spin echo technique with
TE of 2.8 ms andl 'R of I s at 9.4 T. The imaging time %as 17 min, The slice
thickness is ,50O pm. The in plane resolution is 128 X by 128 Y pixels of 150 by
130 jim, respectively. leterogeneities are readily visible,
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is no frsee oole frmnsegth fotyo theme exced other typoaso implants. [thlaecalsoe bya

offering the possibility of studying in vivo the interaction tissuc-biomaterial, this technique will
allow better design and improvement of implants.
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A STUDY OF CHANGES IN POLY(METHYL METHACRYLATE) (pMMA)
RESULTING FROMTHE ADSORPTION OF METHANOL USING NMR

IMAGING.

NORBERT SCHUFF. PHILLIP A. HORNUNG AND EVAN H. WILLIAMS,
Varian Associates Nuclear Magnetic Resonance Instruments, 3120 Hansen Way, Palo Alto CA
94304. USA

ABSTRACT

The understanding of the adsorption of solvents into materials is of great interest in
different fields of material science. NMR inmaging techniques can be used to follow the process
of solvent adsorption by obtaining spatial and chemical tnformation in a nondestructive way.
We report here a study of the uptake of methanol (a non.solvent) into poly(meathyl itethacrylate)
beads produced by suspension polymerization ind into compression mouldings. In both cases,
the uptake is far faster than the rate of, diffusion measured elsewhere We also illustrate the
nonreversible nature of this uptake with respect to temperature cycling,

INTRODUCTION

The effects of methanol on poly(ntothyl methacrylate) (pMMA) arc of considerable interest
and importance. In fabrieated items, exposure causes problems; methanol is a potent agent for
stress-crazing (1,21 and cracking 13). The distribution of methanol in pMMA as a function of
morphology has been reported, both as a diffusion study in homogeneous samples using
imaging techniques (41 and in samples that had spatial heterogeneity (5).

This work extends that of [5land investigates the spatial distribution of methanol both in
pMMA beads and in pressure moulded samples as a function of time and of temperature.

EXPERIMENTAL PROCEDURES

The pMMA used was that designated as LMW (table 1, (6]). This is a low molecular
weight pMMA purchased front Polyscience and was prepared by suspension polymerization.

Pressure moulded samples of this polymerwere prepared by filling a 3 mm diameter
mould and then subjecting this to 90 tonnes pressure in a press, until the resulting cylinder of
polymer became completely transparent.

NMR imaging was performed on a Varian Associates Unity-300 spectrometer operating at
7.04 T and equipped with microimaging and with complete solids modules.

Imaging was performed using 2 techniques. Bakprojection images of the actual pMMA
beads was performed in a Varian 5 mi wideltno probe in which the Ka pulsewidth was 1.2
isec. TE used was 200 ptsec and the gradient strength was up to 70 G/cm. Reconstruction was
performed i a phase sensitive mode, Spin warp images of the methanol surrourding pMMA
sam les were obtained on the same spectrometer using a 5 tirn I/19FI high resolution probe
inside die standard external gradient set. TheTE (15 nsec) used was selected to give maximum
contrast for each phase of the experiment. The TR used was I second, Pixel resolution was 30
pt and slice thici/ness 400 pm. The displayed imnages were threshold equalized and
photographed on an Agfa.Matrix 6000 camera system."

Images were obtained under thermostated conditions at the temperatures indicated.
Temperature stability was typeally ±0.l uC

The spin warp imaging protocol used both for the beads and for the mouldings was the
same and followed the following course, Beads were placed in a 5 mm NMR tube and
methanol was added to cover them with an excess depth of approximately 4 aram. The tube was
quickly agitated to remove as many air bubbles as possible and then placed in the spectrometer.
Images were obtaintd at ambient temperature (22 C) every 30 minutes for 2 hours or until the
methanol was evenly drstrbtel, The sample was then raised to 40 'C and then equilibrated

Mat, Res Sneo. yp. Pio, Vola1r '1991 Materils Research Society
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after which a further image was obtained. Finally the temperature was dropped to 25 *C,
equilibrated and then an image taken immediately and a further tunage taken after 30 minutes.

RESULTS

Baeknroieetion imagecs

Although good images of the beads could be obtained using this methodology, no internal
structure could be discerned. The average bead diameter was observed to be of the order of 300
gm. Any internal voids were therefore estimated to be less than the pixel resolution which was
30 lim.

Snin warn imaoine of beadq in water

A typical image obtained is shown in the left hand image of figure 1. Although there is
some variation in intensity within various beads, this was seen to be tnvariant with time and so
was not indicative of diffusion into the beads, As with the baekprojection images the average
bead size was observed to be 300 pm, indicating that there were no major artifacts contributing
to apparent size.

i mba

Figure 1. Image$ ofpMMA beads in water (left) and in methanol (right) after 180 minutes.



57

Spin warn imaging of beauds in meitiant

Uptake of methanol leads to a loas of definition of the heads. This is illustmated by the
rtghst hand image of figure 1.

F~iu2e Timesncourse ofuptakeoftmethanol into pNMA beads, lmes showtnare (from
left tonright) 30, 60, 90 and 120nminutes.

Figure 2 shows a typical set of inmages taken dureing the equilibration phase of the pretocol,
The bottom (120 tminute) image shown that the intentity of the methanol signal is tanifoemn over a
fan gr peoportion of the sample than would be enpected for diffusion through solid pMMA.
As ca=b seen. the methanol intensity Increases over the peuiod of 120 minutes with the sample
losing differentiation of structure, This in illnstrated in graph I in which we have platted the
uptake of thanol against time. Uptake is simply eported as the loss in column height of the
supernatant msethanol.
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~ags ig.A plot of methanol uptake against time fo' pbA eads. Uptake is measured
athlssfsuperuatant methanol height, The data are shownith resolution as she Y axis

etror and a simple line of hcst fit is included.

The left hand side of figure 3 shows she effect of raising the sample temperature to 40 *C.
.he two large voids are air buhbles. This image shown a nearly uniform distrihution of
methanol throughout the sample, with little head structure visihle. Little fre methanol is visihle

above the heads.

EtgaroI Comtparison of the methanol diutribution in pIMMA heads at 4000C (left) and
subhseq~uently at 2500C (tight).
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An image obtained after the terperature drop to 25 0C is shown in the right hand side of
figure 3. Tere is far more visible structure in the sample although not of the expected spherical
nature. Furhemiore, there is considerably more free methanol visible above the pMMA,

As reported earlier 15]; the optical and other physical properties of these samples change
during the methanol uptake and change agaia during the temperature cycle.

During uptake the beads swell and become transparent. They rapidly become stuck
together so that it is impossible to shake them about in the tube. With the increase in
temperature, samples held in a waterbzth lose all discemable structure and appear as one
homogeneous transparent mass

Immediately upbn subsequent equilibration at 25 0C the samples became white in
appearance and could be readily agitated, settling in the tube and leaving an upper layer of free
methanol. As shown earlier, the process was irreversible.

Spin waIr inting of comression moulding in methanol

Little apparent uptake of methanol was observed in the mouldings at ambient temperature.
On increasing the sample temperature to 40 0 irregular uptake was observed as shown in

the time course senes of figure 4.

Fiur 4. Images of a moulding in methanol. From left to tight the images are. after 180
minutes at ambient temperature, then subsequently after 30. 60 and 120 minutes at 40 00.

After renis to 25 0C, the samples showed a reduced methanol intensity, with a loss in
contrast. Visual inspection revealed that the mouldings had become opaque,



DISCUSSION

Brrddinwssn

From the results on these bcadspeesernd elier [5). it is eviden that the suspensin
po n icosedpdcishehd is aoecme iith vois. Thu size duibuihtion

a these voids is comtnoosas is ednedby the b~akprojectoo insags and by the tmilben
uptake of mnethazol at ambien tmpraur by the beads. The speed of upLt athotios the
amssond n cOf nl .n the pMMA. as psnadbyAlleneiraLMlJ

W cterer cf. [4) have s tdidhe diffusion ofuethaolsito pM.BA and have fcound
it tobe -nAwe tinricen ell) raherduas being lFlekizain snmaeThypoialseniy
of 5 rmis. Rsom::zts it can be seen that themicaofpcctratioca ofmethanl into a solid bead
of pNsLA -Aould be IS l=min I hour-a ar=afar iou-er than that obsered~i the experiments
refornod heme

The change in appearance and in the methanol distribution after temperature cyeling.
strongly sttggests that te beads hame frcred attd. in additi ctantged in somte wy so as to
pt'edclsefurther mehanol uptake. Allen etra/. (5) argtue that th;lagervoids may lta'~ filled
wthl methAnol as well as the space between the bend. Futhermre t Wse packing; of p.%LA
in the beads permuis chain eoonformational changes in respontse to tmethanol peottsaion.

However. this work sutgests rather that tupont cooling methanol in excinded fromn the
p N LNfA th at rematoin- a ftecr fr c tm o f dh beaS ds.

Thus it appears likely that durinug the- initial eqilitbration. mtuehatnol in rapidy taken up into
the beads and fills the voids is themn. As the tetmperature is raised, dhin reoientation many
isdeed occur. allowiing swvelling of the beads xshielt may also be faclitated by plasticization by
the methanioll17). Diffusion nsay also be acontibuting process as the tmthanol front velocity is
sufficient to penetrate inuch of a spongy isterior structure. 1When ftheteperature is loweredl.
the methasol in the voids counsels faster than new methanol can be taken up. resulting is
partial collapse of the voids with concomitant fracturisg of the p7.IMA strummur su0ou.
Once fractured, the beads dtatnegrase sufficiently to allow release of methanol. The void
structure is also destroyecd and so the uptake process in irreverible.

M-uldin. is. mtbassi

Here the process is similar to that seen is the beads except that the compression moulding
process would appear to effectively remove the internal voids is the beads. However there are
considerable chasnels left in the moulding and is is these channels that take up the methanol.
This process is far slower than that is the beads at ambient temperature and is is possible that
this is printily due so to viscosity effects.

The mos ement of the methanol frost was measured to be 255 ntt/s. clearly far faster than
that expected for diffusion through homogeneous pNI\.

Temperature cycling had the expected result - the structure of the sample altered, excluding
Methanol. Although the sample was opaque. it maintained structural integrity, but wa: easy to
crush.
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ABSTRACT

Preliminary results of two applications of 170/IH NNR mi-
croinaging (MRpI) are described. In the first case, it is
shown that oxygen-17 MR;lI presents a unique advantage in
situations where a strong proton background hinders the analy-
sis of water ingress in polymeric materials. This is illustra-
ted' with'

17
o-enriched water diffusion into an agar gel from a

central well. hile proton imaging canr.ot readily distinguish
between exogenous and endogenous water, 170 imaging makes a
clear differentiation, due to the fact that the natural abun-
dance gel has virtually no 170 background. In the second case,
proton MRi, was used to analyze the structure and performance
of commercial time-release pellets (ProMacR) containing an
active ingredient (surfactant) dispersed into an inert matrix.
This was done after leaching the detergent with natural abun-
dance water or after drying the leached sample and refilling
the pores with water. Pores ranging in size from 25 to 325
pm diameter are clearly visual ized. The IH images have been
quantitated with commercial image analysis software in terms
of the total porosity and the individual pore characteristics.
Two types of water can be separately imaged: "bound" water
with restricted mobility (interacting with the polymer mat-
rix), and "free" water (in large pools). The majority of
water is in the bound state. It is possible to evaluate the
control-release performance of the product from the size of
the pores, the uniformity of dispersion and the time course of
detergent-water exchange.

INTRODUCTION

The oxygen-17 nucleus is generally regarded as "unfavor-
able" for NMR experiments for two principal reasons: quadrupo-
lar line broadening and very low natural abundance. Until
recently, its use in MR imaging has not even been considered.

However, the feasibility of 170 MRI and localized spec-
troscopy has been demonstrated during the past three years.
Indeed, it has been shown

1-1t 
that the "unfavorable" magnetic

resonance properties of 170 can actually be turned into advan-
tages: the fast relaxation allows much shorter pulse intervals
than with proton, and even modest isotopic enrichment dramati-
cally increases the signal-to-contrast ratio. Thus, an enrich-
ment of 3.7 atom % increases the concentration by a factor of
100 and decreases the measurement lime by a factor of
10,000. In fact, in vivo detection :f local (mouse brain)
concentrations as low as 0.5% H2

17
0 hai been recently repor-

ted.
9

The low gamma of 170 leads to the necessity of increasing
the gradient strength by a factor of 7.37 (the 7H/YO ratio) in

Mal. Res. Soc. Syrp. Pro. Vol. 217. 1991 MMrial$ Resea r ch Soclely



order to achieve a resolution cbmparable to that-of proton
Ma. This is quite feasible with high performance NMR instru-
ments generally~employed for xaterialscharacterization.

Perhaps, thezzost important atribute of 170 MEJ resides
in the possibility to detect labeled water molecules in a
large pool- of water. This opens a unique avenue towards
precise determJiation of net transport of water -in systems
that' naturally contain water and/or mobile pr6tons (e.g.,
elastomers, .biopolyners, etc). The specific example presented
in this conunication refers to migration of'water through an
agar gel.

With 'regard to proton imaging, it is shown here that an
adequate-resolution can be obtained by employing small sample
size, in a microscope accessory attached .to a high performance
NMR iystem. This is illustrated by the measurement of pore 

si-
zes in a ProMacR material,

12 
a low density polyethylene (LDPE)

coextruded with a surfactant (LAS, linear alkylbenzene sulfo-
nate) to form a time-release system.

12 
The surfactant is a

bactericide used to enhance the reclamation of land after
surface mining. It inhibits the growth of acid-producing
bacteria which hinder revegetation.

MATERIAlS.AND METHODS

Oxygen-17 and proton images were obtained on a Bruker MSL
400 system equipped with a double resonance (1

7
0/

1
H)microima-

ging probe which also incorporates the gradient coils. Gradi-
ent strengths in excess of 100 Gauss/cm can be obtained. Pro-
ton spectra were taken with a Bruker AM-200 instrument.

NMR micrographs were taken employing two kinds of spin
warp sequences: one with a soft 900 (single lobe sinc) pulse
-for slice selectior'followed by a hard 1800 pulse, in order to
obtain short echo times (TE) for imaging of "bound" water; the
other, with both soft pulses, for imaging "free- water. Speci-
fic parameters are given in the text or ir ,Figure captions.

Oxygen-17 enriched (40 atom %) waterlwas purchased from
the Monsanto-Mound laboratories. Natural abundance water was
distilled and deionized.

The agar gel (0.7%) was prepared with hot (80 oc) water,
poured in two identical 18 mm 1.D. NMR tubes, each containing
a concentrical S mm O.D. tube. After cooling, the 5 mm tubes
were removed to obtain the'wells in which the natural abun-
dance or 

17
0-labeled water was placed it the beginning of each

diffusion experiment.
Two kinds of ProMac

R 
(42.5 % LAS)/LDPE) rods were inves-

tigated: one having a 7 mm diameter (PRO) and the other
having a 4 mm diameter (PR02).

A rod of PROI, 2 cm long, was extracted by stirring in
600 ml of distilled water at ambient temperature for 10 days.
The water was changed twice a day. After removing external
excess water with filter paper, the leached sample was isaged
for both bound and free water. A control consisting of un-
leached PRO1 was wrapped in wet filter paper in order to show
that, in our conditions, both the surfactant (LAS) an4, LDPE
did not yield an image.

After leaching, rods of PR02 were dried in the ovan at
70 oc. They were then placed in NMR tubes containing a quzinti-
ty of water which was approximately twice the volume of, the
rod. The tubes were sealed and kept in a bath at 70 oc for 20
hours. Since there was very little indication of water ingrens
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the tubes'\were removed from the bath and stored 100 days at
room temperature to allow completion of the diffusion process.
The samples were imaged after removal of excess external water
with filter paper. All images were performed in 10 m inserts.

The percent -porosity and pore size parameters (length,
width, area, perimeter, shape function) were determined using
the stored image analysis (SIA) software on a Tracor Northern
Energy Dispersive X-ray Analyzer.

RESULTS AND DISCUSSION

Water Diffusion in Agar Gel

A comparison of'proton and oxygen-17 images taken at the
beginning ard the end of parallel studies of water transport
within a mass-of agar gel is shown in Figure 1. It is obvious

la l

!c id

Figure 1. a&b: proton images of a 500 pm slice trough the agr g cphan.
tcm described in the Materials and Methods section. A spin warp sequence
with soft 90 and 1800 pulses was esployed with echo times.(TI) of 12 ms,
field of view 26 - and 113 pm/plxel resolution. a: Image'taken approxi-
mtely one hour after gel preparation and adding natural abundance water
in the central well; time of repetition (TR) Is, total experiment time
(ET)- 8 min. b: Image after 20 hr: IT - 16 sin. c&d: oxygen.17 images of a
similar phantom as abnve, but after adding 5 atom I 17

0-water in the cen-
tral well. A hard 1800 pulse was used to shorten the echo cite, c. i*mage
at five minutes. d: Image at 108 minutes. TE - 2 ms, TR - 28 as, IT - 4
min, ST - 14 me, resolution 157 pm/pixel.

that the evaluation of a diffusion coefficient from oroton
data is virtually impossible. In-dramatic contrast, the-

17
o

images provide unambiguous data for the calculation of H20
diffusion. Work is in progress for the adaptation of Fick's
law to three dimensional NMR determination of the diffusion
coefficient. Performing parallel experiments with D20 will
contribute to the understanding of this complicated process.
We emphasize here the strong difference between the behavior
of oxygen and hydrogen as representatives of a given water
molecule. Indeed, while oxygen will be pirmanently attached to
the criginslly labeled molecule, hydrogen or deuterium will be
rapidly,.separated from it by intermolecular exchange processes.
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Proton MR Microscopy ofPorous Polyethylene

In preparation for MlpI, one dimensional 
1H spectroscopy

was performed on the samples. Initial attempts to hydrate
ProMacR rods for study of the water or surfactant were unsuc-cessful. After equilibration toga relative humidity of 74% a

broad featureless line is observed with a linewidth of -1300
Hz. There is no chemical shift resolution, so this signal may
be from either water or surfactant. Attempts were made to
induce proton mobility by raising the temperature. At 90 oC
the linewidth was 430 Hz. These preparations were not judged
to yield samples suitable for imaging.

Exchanging the LAS for water by soaking the material in
water for ten days'yielded 200 Hz (water) linewidths. A small

Figure 2

shoulder at high field was detected. This could be interpre-
ted either as a susceptibility effect or as due to residual
surfactant. The water that fills the voids left by the leached
LAS constitutes the source of signal for imaging.

Figure 2 (upper left) shows a transverse NMR microimage
yielded by the, leached LDPE (7 mm diameter, 300 pm slice



thickness). The in-plane pixel'resolution is lOm. The echo
time (TE-6 ms) was adjusted to emphasize the free water in
"large- pores. This image indicates there are no significant
areas devoid of signal, and hence a uniform surfactant
distribution.

An image emphasizing the bound water (TE-3ms) is shown in
Figure 2 (upper right). Again, the pixel resolution is 10 Pm
and the slice thickness is 300 pm. This image was taken of a
rod wrapped in filter paper which absorbed excess water at the
exterior of the sample, thus defining its perimeter. The bound
water covers nearly the entire cross section except for sever-
al areas, the largest (-800 pm) being situated on the left
side, close to the horizontal diameter. careful examination of
the image reveals a circular feature without water, particu-
larly visible in the upper two quadrants which could be inter-
preted as a result of the extrusion process.

Figure 2 (lower right) 'hows a slice through a control
(unexchanged) LOPE rod wrapped in wet filter paper. No signal
appears in the interior due to lack of visible water and im-
mobility of the LAS and LOPE protons.

PRO2 samples (not shown here) revealed a more dense pore
distribution which corresponds to a much slower (hence, effi-
cient) LAS release. Indeed, it took up to 100 days to extract
the surfactant.

Image Analysis

The lower left of Figure 2 represents an expansion of a
small region from the first quadrant of the image above. This
area was scanned and digitized into a binary image by a Tracor
Northern energy dispersive x-ray analyzer. As with ccmparing
images, care must be taken when adjusting the image threshold
for the digitization. Stored Image Analysis (SIA) software
allows for quantitative evaluation of the pores. Each pore is
defined in terms of location, diameter, length, width, area,
perimeter, and orientation. Averages of each of these
parameters are calculatede as well as total porosity (the
percentage of area covered by pores). Histograms can be
produced for the distribution of the pore parameters. The
calculated porosity of this region is 8.3%. The particles
range in diameter from 25-300 pm within two major pore size

distributions, 25-70 and 170-300 pm.

Table I. Characteristics for Pores Larger than 100 pm

Part. Av.diam. Area Perim. Cntr-x Cntr-y Length Width
1 100 8,700 340 140 90 130 100
2 180 23,440 580 1,900 130 200 160
3 170 23,070 560 610 270 200 150
4 230 38,630 730 1,160 280 270 200
5 210 28,210 670 750 490 220 190
6 285 57,160 910 1,560 600 310 250
7 170 17,420 550 160 660 220 110
8 270 53,360 880 1,970 700 290 250
9 210 27,690 650 140 1,350 220 180
10 260 49,940 840 890 1,440 290 220
11 198 23,820 620 60 1,780 240 130
12 300 63,490 960 2,070 1,750 350 270

However, pores smaller than 70 pm may be indistinguishable
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from noise. Table I contains data for the pores larger than
70 pm in diameter.

CONCLUSIONS

When a proton background hinders the IH MRI analysis of
diffusion of water in a polymeric system, employing 170-
enriched water and 1L70 666I brings an elegant and efficient
solution. Use of other 170 labeled liquids (alcohols, phe-
nols, ethers etc.), is also deemed possible.

Proton microscopy of porous materials constitutes a,,valu-
able means for characterization of inner structures, voids and
defects. Exploiting differences in relaxation parameters re-
sults In establishing the extent of tight or weak interactions
between the matrix and the incorporated liquid. in addition,
determining the time course of water (or other solvent) in-
gress Is an invaluable meani to evaluate the performance of
time-release products.

______________. W thank A.A. Sobek and .B.. Pasch for
useuldr-cus--Tnsand J.J Bacikay for performing the water-

LAS xchnges Weackowlege .W.Smith for doing the'image
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NHR IMAGING AND THE ELECTRIC QUADRUPOLE
INTERACTION IN SOLID MATERIALS -

B. H. Suits, Physics Department
Michigan Technological University
Houghton, MI 49931

ABSTRACT

Nuclei with a spin, I > 1. possess a nuclear quadrupole moment which can
couple to the electric field gradients in a material. They can be static,
leading to NMR frequency shifts, or dynamic, which can influence relaxation
times. In either case, an NMR image can be made which is' sensitized to changes
in the electric quadrupole interaction to provide a sensitive measure of the
macroscopic spatial dependence of the microscopic changes in the material.
Several examples are presented. Special considerations need to be given in the
case when the strength of the Zeeman interaction between the nucleus and the
magnetic field and/or the rf field Is small compared to the electric quadrupoleinteraction.

INTRODUCTION

Small distortions In materials such as impurities, dislocations, and
thermal fluctuations, are predominant factors when determining the mechanical and
electrical behavior of materiali. The sensitivity of quadrupole perturbed NMR
to the presence of static and dynamic distortions is well known [1-3]. It is
only natural to use the non-destructive, non-invasive techniques of NMR imaging
in a way which can utilize the sensitivity of the NMR response to electric field
gradients.

NlR Imaging in solids is not easy [4,5]. Several articles have been
written describing methods to approach the problem. One of the most conmon
difficulties with solids NHR is the dipole-dipole interaction which causes
broidening on the signal and may limit the time available for a measurement.
Various elegant techniques can be used, with varying degrees of success, to
partiall eliminate the effects of the dipole-dipole coupling from the image.
Most involve-rapid switching of high power gradient coils and use sensitive
multipulse NWR techniques which also tend to eliminate quadrupole broadening.
Another, perhaps less elegant, method, used for the NMR images presented here,
reduces the effects of the dipole-dipole broadening on image quality In a simple
way by using large static magnetic field~gradients (10 to 50 g/cm) to fvrm the
image. Numerical techniques can also be used to reduce the effects of broadening
ex post facto. One must also realize that the mast conmon nuclei used for NOR
studies, 'H and "C, have spin I - 'A and hence do not couple (directly) to
electric field gradients.

ELECTRIC QUADRUPOLE INTERACTIONS

The electric quadrupole interaction is discussed at great length elsewhere
[2,3] nd is due to the presence of an electric field gradient which couples to
the electric quadrupole moment of the nucleus. The electric field gradient can
be described using a synetric traceless second rank tensor, V, with components
V,, (a,b - x,y,z). The-field gradient represented in one coordinate system,
(*x,x,,xs,), can be transformed to another, (x' ,xl' ,x,), using the rotation

V' - T V T (1)

Mat. Res. Soc. Symp. Pron. VoL 217, 1991 Materials Research SocOety
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wher th elmenS o 7,1, re tht cosines of theangles between X,' and ;

it is always possible toiid a coordinate system for which V., - 0 If a emb

which is referred to as a Psrincipal axis system. In the principal axis syste

the quadrupole interactin can be expressed using3 the Hamilltnianl,

where I is the angular moentums operator for the nucleus in question, 1. is the

operator for the a-tb component of the angular omentums, I is the Spin of the

nucles (a number), Q is the quadrupole moment of the nucleus and a is the magni-

tude of the charge of an electron. 
___________________

It is useful to estimate th si e of

the quadrupole couplings far various 
TABLE I

nuclei. For any particular nucleus the

quadrupole field can, var from zero to Relative Sizes of thne

very large valu.,s, However, what is do Quadrupole Interactionl

sired is a masure af the sensitivity of for Selected Ions Under

different nuclei to the presence of dIs- Sim lar CoflditioflO*

turteons in the lattice. harges in a

crystal will be roughly one electronic Ions I <se0>/h

charge in magnitude and typical intern-MH
tonic spacings are roughly 0.2 nix. Thus

we calculate the field gradient duo to a 2i H 0.010

charge e, 0.Z em away on the z-axis. 7 W. 3 2 0.22

lnhing into account the redistribution of

the electros on the atom which contains 
i11 .3 1 0.37

the nucleon using a linear response

theory (61 and calculating the resulting 2
3
1 nL 3 2 2.50

frequency splittings gives te, results 
57
Al" 5 2 0.45

shown in; Table 1. The values in Table 
I

are for cemparison purposes only bA 35 C 3 2 1

servo an an Indication of te relative 
9

sensitivity of the Nil signal to the 63Cu 3 2 8.6

presnce of dtortions.n
The , eal interac ton, which deter-; O 3 2 200

mines the frequency of respnse oI th 52 20

nuc leus, will Includ both th e 0fie11ld2 26

gradient lnteractIq nodn the Zeeman in- * Frequenc asift of 3/2

teructio4l, YI,, wit applied mogaet to /2or I to 0 tronni-

fields. 
tion, 00s aproprile....

H1161 MAGNETIC FIELDS~

Whot) the Zeeman interaction, YI, -- 1liel, where y In the gyrumugnetic ratio

far the nucleus under study and 1A is the applied magnetic field, is large

Coopred to the quadrupole interaction Yl, the effects of V,~ can be calculated

using perturbation theory. Tbe convenmtionm used here definen the magnetic field,

Hi, to ho along the z-axis of the reference frame (x,y,z) in the lab framse and the

principal axes of the electric field gradieat define a crysal reference fruame

(%I , y' , z' . To first order i n perturbation theory one has an effective

Hameiltonian
-YHX, + V 34 - X)(3)

whiere, using the rotation (Eq. 2) expressed usng Euler angles,
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V , V.,, coS'O v , sine cos€ + ,,,, sinoe sini€ (4)

which yields 21 magnetic dipole transition frequencies which depend on the rela-
tive orientation of the magnetic field and the quadrupole field principal axes.
Note that the transition m - -1A to m - +1 (present for nuclei with half integer

spin) is not sensitive to the presence of the electric field gradient to first
order.

In imaging applications a spatially dependent magnetic field is applied
which Is often (assumed to be) linear. That is the magnetic field depends on
position, x, via H(x) - H(O) + G.x, where the elements of 6, G.,, are the deriva-
tives of the a-th component of the magnetic field with respect to te b-th coor-
dinate, e.g. G, - dH,/dx. Note that Maxwell's equations require that (in a
vacuum) G, - G,. If one assumes the magnitude of the field due to the gradients
is small compared to H(O), then the gradients can also be treated using pertur-
bation theory so that effectively, H(x) - (H(O) + gx)2, where g - (G.,G,,G,,)
is a vector. That is, in the high field case, aside from a possible splitting
of the NNR lines by the quadrupole field, the effects of the gradient are the
same as those for nuclei with no quadrupole interaction.

Images using the +1 - -% transition of a quadrupole split NMR spectrum were
presented some time ago for the Na signal in Na-P-alumina (5). The Na resonance
in that case was partially motionally narrowed by two-dimensional diffusional
motion (the line width was about I kNz). Images can also be made using the
satellite transitions of a quadrupole split line. The satellites have the poten-
tial to be much more sensitive to the presence of defects. An example of an NMR
image of a thin crystal of NaCO, made
using one of the Na satellite lines is
shown in figure 1. The sample is rotat-
ed from the main magnetic field, also
the direction of view, to obtain a large
splitting between the satellite lime
used and other lines present. Orienta-
tion would not be so important for
pulsed gradient (phase'encoded) imaging
methods.

The transient response to ' f
pulses of a quadrupole perturbed NMR
system in the high field limit also
needs to be briefly considered, For
simplicity assume that a short rf pulse
is applied along the y-axis with a
constant amplitude, H,, over a band-
width Ao. Two situations are easily
discussed: when all of the transitions Figure 1. Image made using a Na quad-
from a given nucleus have resonant fre- rupole satellite line of a thin,
quencies within the bandwidth, Ao, and square NaCIO, crystal rotated 531
when all but one of the transitions are about the horizontal axis.
outside the bandwidth.

If all the resonance frequencies are within the bandwidth Ax the effect of
the rf pulse is simply a rotation. On the other hand, in the opposite limit
where only one of the many transitions is within Ao then the problem can be
treated in the 'fictitious spin-A' forsalism (3,7). In this case the effective
strength of the applied rf field is multiplied by (1(1+1) - m(m*l)]

=
' for the

observed transition (from at to ml) and by zero for the others. That is, the
pulse length which gives 'a maximum signal for a given transition will depend on
the pres ence of other transitions within the bandwidth of the rf pulse. These
results are summarized nicely by Fukushima and Roeder (7].

For samples which contain the same nucleus in sufficiently different elec-
tric field gradients, one can use the different transient response of a split
line compared to an unsplit line as a contrast iechanism to distinguish the two
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species. This contrast mechanism is 95M 4
unique to nuclei with an electric quad- ,.

rupole moment. An example of pulse -

length contrast is shown in Figure 2 ,oc,
which shows a one-dimensional projection i-

(a I-d image) using the Na signal in the

presence of a static field gradient for

two different pulse lengths. The sample

contains both NaCl which has no quad-

rupale splitting and NaClO, which 
bas a

modest splitting. Note that the differ- 01STANCE

ences in resonant frequencies of the
central line between the two materials

In snall compared to the dipolar line- Figure 2. 1-d 
projections of Na MMR

widths. Even better contrast may be intensity for a sample, illustrated

possible by Fourier transforming many in the inset, containing Nal and

measurements made as a function of pulse NaOClO, for two different pulse

length, a process described as Inutation lengths 
showing *pulse length

spectroscopy' for NOR measurements (8 contrast.'

The name is appropriate here as wel

though the details are actually quite
dissimilar. Such neasurements nay be 

appropriate to study the change from 
a

cubic (or higher symmetry) environment 
to us environment with a lower than cubic

symmetry.

The Infunce of Defet1

Associated with any defect is a strain field, the nature of which depends

en the particular type of defect, which 
may be quite long range. In th. regin

of the strain field, the lattice varies 
significantly from the host lattice and

the quadrupole field will reflect this 
difference.

I t is qaite difficult to treat the 
nuclei which are very close to the

defect where elastic theory does not apply. 
However, outside this *core* region

elastic theory can be used in a very 
general way. Estimates of the size 

of the

core region for a dislocatin, for 
example, show it is only a few lattice

constants in diameter (9. 1
Just outside the core regios is a region where the quadropole interaction

is lage- enough to cause shifts which

are large compared to the bandwidth.of

the rf pulse. Outside that region is a

region where the shifts are smaller than

the bandwidth of the pulse, but still

large compared to the NMR line width.

Finally, if one is far enough away, 
the

effects are small compared to the HiR

line width. To gain an appreciation for
the range of the lattice distortion, 

for

a simple single dislocation in HaCi, 
Ha

nuclei up to about Mora from 
the dis-

location can have shifts large compared

to their undistorted line width.
An example of an NMR image showing

the effects of mechanical damage 
on a

single crystal of NaCJ is shown in

Figure 3. The sample was struck off

center with a drop hammer with the 
left Figure 3. An image of an undamaged

portion in the figure outside the 
region (top) and damaged (bottom) 

HaCl crys-

of the strike. further details 
can be tal showing loss of intensity 

for the

found in Ref [10]. 
Ka signal in the damaged region.
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Rel anation

Though the presence or absence of a quadrupole splitting can have an effect
on the spin-spin relaxation time, T, by changing 'like-nuclei' into "unlike
nuclei,' the effects on the spin-lattice relaxation time, T., can be quite
significant. In many materials containing a quadrupole nucleus, T, is determined
predominantly by the coupling of the nucleus to the fluctuating electric field
gradient from its surroundings. Of course if there are large scale motions due
to diffusion or rotation, the fluctuating fields are dominated by the large scale
motion. But even in simple solids such as the alkali halides, the nuclear
quadrupole moment coupling to the changing electric field gradient due to lattice
vibrations (phonons) dominates the relaxation.

Except at very low temperatures the relaxation due to phonons is dominated
by the second order two phonon (Raman) process. For temperatures above the Oebye
temperature of the solid, the number of phonons present is proportional to
temperature and so the relaxation rate, I/T,, Is proportional to the square of
the temperature, The temperature dependence of the relaxation time can be used
to measure thermal distributions in solids as was shown in Ref. (11] where the
changes in the 1, for the Bromine resonance were used to image a small thermal
gradient in a single crystal sample of KBr.

LOW MAGNETIC FIELDS

When the quadrupole interaction is particularly large compared to theapplied magnetic field, the magnetic field is treated as the perturbation. Itis most useful to express the Hamiltonian in the crystal reference frame

X- A (31%,. - V
= 

+ q I,. =)

yH(cosO I + sin~cos I,,,, sinesin I,.) (4)

where n - (V.. - V,)IV,.,. and the unique set of axis is chosen with Osisl, and
where 0 and + express the orientation of the magnetic field using Euler angles.
The first order (degenerate) perturbation theory results are calculated using the
elgenvalues and eigenfunctions of the quadrupole coupling. The resulting
transition frequencies are complicated functions of orientation and for many
cases can be found in Ref. [2].

As discussed for H - 0 in Ref (8], the signal amplitude will also be a
complicated function of pulse length and the orientation of the rf field relative
to the electric field gradient. The method of "nutation spectroscopy' [3) can
be used to separate out different orientations of the electric field gradient by
measuring the strength of the coupling between the applied rf field and the
magnetic dipole moment of the nucleus.

As before, the magnetic field gradient used for imaging is assumed to be
linear so that the total magnetic field is H - H(O) + Gsx. Note that in general
if H(O) is small enough both the magnitude and the orientation of H vary
significantly with position.

If NMR imaging methods are used in carefully aligned single crystals In
which only one electric field gradient tensor is present, standard imaging
techniques may be possible. A small uniform (-log) field might be helpful to
separate the transitions.

Many samples of interest are either powders or have multiple electric field
gradient tensors. An example is the prototype used for many NOR studies, NaClO,,
which has four chlorine atoms per unit cell. The electric field gradient for
each has q - 0 and are oriented along each of the four body diagonals of a cube.

The key is to realize that what is needed is some information about the
orientation of the electric quadrupole principal axes and that that Information
can be acquired using nutation spectroscopy. Using an rf field oriented along
an axis one can find (or select) the orientation of the principal axes relative
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toqthat laboratory axis. Once the principal axis are known, an image coo he
famed using a small uniformi magnetic field with gradients soperimsposed, The
purpose of the uniform field is to separate lines which moove ln~opposite
directions but are otherwise identical and to raininsize the changes in e with
position.
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NMR IMAGING OF INDUSTRIAL FLOW PROCFSSES.

S. W. SINTON. 3. H. IWAMIYA, AND A. W. CHOW
Lockheed Palo Alto Researeh Laboratory, 3251 Hanover St., Palo Alto, CA 94304

ABSTRACr

The application of nuclear magnetic resonance flow imaging to the study of Poisenille flows of
soilidliquid suspensions is described. The basic imaging method is presented along with results
on suspensions with solid parttcle loading levels up to 52 vol. % and viscostites up to 7
kPoisc. The most concentrated suspensions are non-Newtonian, and the NMR flow dam show
evidence for deviations from a simple parabolic velocity profile in straight pipes. Cross-ec.
tional intensity images derived from the flow image data on concentrated suspensions are non-
uniform. Possible explanations for these results are discussed in terms of current rheological
understanding of suspension flow and relaxation weighting phenomena in the NMR imaging
experiments.

INTRODUCTION

Nuclear magnetic resonance imaging (NMRI) is proving to be a powerful tool for rheo.
logical and processing studies of poly/mer,. Because of its unique ability to non-invasively
provide spattal mappings of spin deisrty, spin relaxation times, flow veicities, and molecular
diffusion . all potentially from the same experiment - NMRI can be effectively used u a variety
of situations where information about the composition or distribution of properties in a process
stream is desired. Some recent examples are the determination of flow lines and microscopic
homogeneity in extruder-processed polymer suspensions (1) and flow velocity imaging of non.
Newtonian polymer solutions (2,31 and highly filled solid suspensions (3,41.

In this paper, we describe a study of Poiscile flow of solid.fllled suspensions of
varying particle filling levels, Each suspension consisted of a solution of a low-molecular.
weight (-12,000 Dalton) polyether oil and plastic spheres on the order of 100 pm in diameter.
These materials ar designed to mimic some important theological characteristics encountered in
actual processing industries, the most relevant being sold.rocket.motor propellant manufactur.
ing, This paper is primarily concerned with details of the NMRI flow imaging technique and
special considerations in data interpretaton for suspensions, The physical characternzation of
the suspensions and the theological issues addressed by the NMRI experiments are covered
elsewhere (3].

EXPERIMEiNTAL APPROACH

Figure I shows the NMR flow.imaging timing sequence used in hts work. Thin
sequence ts designed to givesa 3D image while compensating foe the effects of steady-state flow
along one directon.'The basis of the method was first published by Kose el al (5], and the
puise sequence of Figure I wan later used by Majors. Ct al. (6] Application of a selective RFpulse at the name time usa gradient at the start of the neqauece encites a slice of maguetization in
the tream. The slrce plune in perpendicular to the flow direction (Z), and the threkns of the
shrce in determined by the RF bandwidth and gradient strength in the usual manner. Sire end.

tation is followed by two broadband at pulSeS and two Z-gradent pulses which have the effect
of refocusing the phases of different isueromats in the sample, regardesn of their posrtion or Z
vlocity. Thus, at 4' seconds after the selective p.lse an echo is dete"ted. Incremented X and
Y gradients are used to generate phase encoding in the transverse dhrecton is the aSul manner
of spinwarp imaging, The RF phase of the last a pulse in toggled between zero anp I I

degrees with each phase encode increment to shift any interference from a stimulated echo to the
Nyquist edges of the image (6]. Three-dimensional Fourier transformation leads to an image of
the slice whrch has changed shape as a result of flow during the sequence and the distribution of
velocities across the pipe. Velocities are computed by measuring Z displacements from the

Mat. Res. So. Syrp, Proe. Vol, 217. S 1991 Materials lnesesrch Society
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W2n Z

-1 r 771 r_1

Eg=L ne-ef-fli"t spin-echo flow imaging pulse sequenc

image for each rX.Y location and dividing by the flight time (4?). To minimize the effects of
no.displace in the flow diecton da ined by compsing the firm momen of each

All NMR data wrce collected using a Bker Model ?SL spec romeser with a 4.7 T
magnet and a largev mous ansngsmagg7 probe operaing atf ihe prc, on resomance (20 M).

Gradin t s 'tching capabilities at somwhat limited with thi$ eqpmnt, .ecesatinga faily
long flight time of 30.7 ma. A 6-lobe,. sine-shape RE pulse of 3 pr_ dursoation athe presence of

data set dimensionswer 32 X 32 X 128 (X.YZ) pixels, and 1 to 4 re.settons of each
acquisition er aged to iaprove signal to noise. The recycle el, to allow foe thermalspin eqsihbration s 600 mr (3 T1 ). resiting in acquisition timex r 10 o 41 mn.

RESULTS

Flow images ae-re collected for a range of flow rates and pipes with inner diameters
from 15 mm to 50 mm. Ix liquid portios of the suspensions studied consisted of a low.
molecular-weight polyetheroil, water, and sodium iodide (added to match the solution density
to that-of thelauspended particles). Particles were PMMA spheres with median diameter of
131 psm. The paricles do not contribute to image intensity since proton spin-spin relaxation of
PNIMA is very short compared to the flight time in the experiment. Suspensions with particle
loading levels from 21% to 52% were imaged, and velocities up to 45 cm/s were measured,
%ithout difficulx. At low particle concentration these suspensions are Newtonian, while at the
highest concentrations they art moderately shear-thinning. Complete theological characteri-
zasrons of the suspensions are given elsewhere [3], but for comparison we note here that a 21%
suspension has a low-shear viscosity of 400 Poise while the viscosity of a 52% suspension is
about 7000 Poise (measured in Couetie geometry at a shear rate of 100 sl).

Figure 2 shows stack plots of the calculated velocity images for two suspensions at dif.
ferntjcircle concenrations. Figure 3 shows gray-scale renditions of the cross-se ,aial (XY)
intensity formed by summing along the Z direction of the 3D flow image file for t!.e two eases
co.respondir.g to Figure 2. Drawn above each image is a trace of pixel intensity along a row
passing approximately through the center of each pipe.

A detailed examination of the velocity profile for the 21% suspension in Figure 2 shows
it to be parabolic whereas the Frofile for the 52% suspension is "blunted' (velocities slower in
the center than predicted for . parabolic profile which fits the velocities at the outer edge).
Likewise, there arejeriaikable differences in the intensity images of Figure 3. Intensity is
!-'atively uniform across the pipe in the case of the low-concentration suspension while it varies
in a smooth fashion, peaking at the center, for the 52% suspension. Results with other
suspensions and pipe sizes indicates that this behavior is a function of suspension
concentration, pipe diameter, and flow rate 131. For e ample. a 40% suspension flowing ina
15-mm pipe gave similar results to the 52% suspension shown in Figures 2 and 3, while the
same suspension flowing in a 50-mm pipe at a lower flow rate showed no unusual intensity
features and had a parabolic velocity profile.



75

21% SUSPENSON 52% SUSPENSION

H=?2 Left Zwloeityimagefor2i% nnspnsicmof P.A spheresiiioilsolutisL Pipe
diamitesm25 mm. max wclocizy=~25.9 cm~s. Right 52% sutspension. Pipe diamesr=-15 mm.

max. vdoity--29.1 cm/Ln

Fygts. Projections of XY intensity from 3D flow images Left: 21% suspension. Right:
- 52% suspension.

Figure 4 is an image of the 52% suspension taken immediately after flow was stopped.
Th- standard spin-warp method with an echo delay of ahout 10 mus was used to collect this
image, The intensity distribution within the pipe is much more unifrmt in this image than that
in the XY image during flow (Fig. 3). (The bight ares outside the pipe in Figure 4 are features
folded over from material clinging to the wall of a larger pipe which was eoncentric with the
flow pipe and outside the imzge field of view.) Because of the high viscosity of the suspen-
sion. it in; unlikely that any particle concentration gradients set up during flow would have dissi-
pated through Brownian motion in the time lapse between collecting the flow and static images.
Thus, the difference between Figures 3 and 4 for the 52% suspension cannot he explained by
differenices in particle concentranons.

Possible explanations for the sos-uniform intensi:y pattern for the flowing 52% sun-
pension must involve relaxation weighting of the image. Relasation weighting due to diffusion
effects can be elimin.ted since the diffusion constants are small (-10,7 em2/s) and the gradient
magnitudes relatively weak. The rate of N11 R relaxation for some types of suspensions is is-
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HeumA:. XY imageofS2* suspension in I5.nmpipe immediately after &ssation of flow.

creased due the preece ofsmface paramsagnetic election sites r reduced motion of molecuiles
in the vicinity of th, sttrface 17.8]. Vie observed relaxation decay in thin case depends on the
magnitude of the surfiace-to-volnmi.atio and hence. particle concentration. and the rate of

exchange of spins between surface and bulk sites. To assetss this possibility, we measured T2
and TI for suspensions with a wide range of particle concentrations. T1 was found to be
insensitive to particle concentration with an average value of atound 200 ins. IThe T2 decays
(measured by the Car-Pmell-MeiboomnGill method) had to be fit with a biexponential function
for each sample since there was clear evidence for at least two relaxation components. The re,
suits are presented graphically in Figure 5. That the base fluid by itself has TF2 relaxation corn.
poncttts much less than Tj is an indication that extretne-nartowing conditions do not apply for
this viscous material. The presence of more than one exponential decay component is due to
either unresolved chemical shifts or the existeuce of more thans one characteristic correlation time
for molecular motion.

Short component 'Long component
35

151 85 140J

E ~120-
~z0 E5rs -2 '0..~

5 65 80 N15
0 20 40 60 0 20 40 60
PMMA concentration ()PMMA concentration (0/)

Elgurc.. Left: Relaxation times ailfractionsfor short component ofbiexpontial fit toT2data. Squares are the relssationi times and circles ore the ftnction. Right: srie for long
component.
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PMMA volume %

i Calclated image intensity versts PM,\ A concentration.
Th intntly axis is noralized to I for 0% PMMA and an echo

dely of 0 seconds.

Fignre 5 indicates that there is little change in relaxation times of static samples as
concentration increases unul about 35% %lhen both the short and long components de case
significantly. Tlse data in Figuire 5 was used to calculate the dependenc of image intensity on
concentration for different echo delays. Figure 6 shows the results for two echo delay times
cotresponding to our static and flow imaging parameters. In both cases the intensity correlates
linearly with particle concentration, and the slopes indicate less variation for the longer echo
time. If T2 decay times are the same in a flowing and stationary suspension. Fgur 6 implies
that the intensity pater observed from the longer echo ,te used in the flow imaging setaueince
should be similar to that of Figure 4 with only a slight attenuation of the intensity variations.
Since this is not what is observed. we deduce that flow must alter T2 under certain condttions of
concentration and shear rate. This statement is supported by other relaxation data not shown
here and tests which confirm that the imaging sequences were working correctly in all cases.
Our data indicate that above 40% PMMA concentration a non-unform shear field can result i a
non.uniform flow-image intensity pattern.

DISCUSSION

The observed blunting of the velocity profile of concentrated suspensions in Poiseuille
flow is consistent with predsctions calculated by Leighton 191 based the on the shear-induced
particle migration mechanisms proposed by Leighton and Acnos [10). Trends in the velocity
behavior with particle concentration, particle size. and pipe size are in accord with the predicted
parametric dependences (3). In addition to a blunted profile, theory predicts that particles will
migrate along a gradient in shear rate, i c. from the region of high shear near the wall towards
the center of the pipe. The static image of the 52% suspension shows a very slight decrease in
inensity in the center of the pipe which, since T2 weighting has been shown to bo relatively
insensitive to particle concentration near tlhe nominal concentration, implies a slightly increasti
particle conceitration in the pipe center in agreement with theory.

Intensity in the flow images is more diffictlt to interpret. At low particle concentration
or shear rate, the images appear to faithfully reflect proton density of the fluid component. for
higher concentrations in small-diameter pipes. XY image intensity deri.ed from the flow data is
non-uniform and seems to follow t- velocity profile. We have eliminated several possible
explanations and are drawn to the conclusion that there must be some mechanism whereby shear
induces a decrease in T2 for our highly concentrated suspensions. Strain-induced changes in
NMR relaxation are known for some crotsisked elasromenc systems and semicrystalline
polymers, but those mechanisms ;ioe not operative in our suspensions. Nakatani. et al. (I I

have recently reported evidence for hear-tnduced increases in proton NMIR relaxation rates in

J
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Ipl-loeculn osat c Zs db ages in seaerg hancnfnto in a shear

fiel compared 10 sh xrest Coil configutation. loseveer obe 6.in weeforentanigled
polyrdins of=cW hglemokleotar weighs iansePOlyelte oil used inouarsnsdly.

in she absence of suspended Particles and at the shear rates encountered in this study
molecular motions in she base fluid would probtably nam be altered sufficiently to affect NINR
relaxation. However. when PMMfA particles are present. particle-polymecr interactions might
become important and their importance would increase in the more concentrated SS .esix
%hlere the fluid is contfined in smaller spaces. Moreover. thse effective altearrates applied to the
fluid existing between particles can he mudh hsigher thtan ste bulk shearsrate asnd exsensional-sypc:
flow may exist between particles weni she average velocities of she two phases are not the

sm.If presnt. this extensional flow might alter molecular motion sufficiently so affect T2.
aCarly, more expeiments are needed to investigate the possihility of flow-induced relaxation
effects in these suspensionis and the mechanism for any observed depenidence.
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ABSTRACT

A technique for nondestruclively imaging microstructuresof materials
in situ, tispecially a technique capable of delineating the time evolution of
chemical changes or damage, will greatly benefit studies of materials
processing and failure. X-ray tomographic microscopy (XTM) is a high
resolution, three-dimensional inspection method which is capable of imaging
composite materials microstructures with a resolution of a few micrometers.
Because XTM is nondestructive, it will be possible to examine materials under
load or during processing, and obtain three-dimensional images of fiber
positions, microcracks, and pores. This will allow direct imaging of
microstructural evolution, and will provide time-dependent data ior
omparison to fracture mechanics and processing models.

INTRODUCTION

The spatial resolution of x-ray CT has been improved by several
orders of magnitude during the past decade. It is now possible, using x-ray
CT, to three-dimensionally image materials microstructures with a resolution
of a few micrometers in millimeter-size samples. Efforts are underway to
improve this resolution and, at the same time, to increase the sample
dimensions which can be imaged with this technique. Nevertheless, the
resolution and sensitivity of x-ray CT are sufficient to make significant
inroads into our understanding of how mechanical properties are affected by
changes in microstructure. The impact of x-ray CT methods will be
especially felt in the study of processing and failure in advanced composite
materials. Noninvasive, in-situ CT observations of advanced composites will
provide time-resolved information regarding the evolution of
microstructure-information which currently is only indirectly inferred from
pos-mortem examinations and large statistical sampling of as-prepared
material.

This paper provides details about a CT technique we have been
developing these past several years. We call this technique x-ray
tomographic microscopy (XTM) to distinguish it as a form of x-ray
microscopy which utilizes tomographic reconstruction techniques to form
three-dimensional images, The paper is presented in three parts, The first
part discusses critical issues involved in performing XTM, such as the
optimization of the detector and the x-ray energy. The second part discusses
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three examples-of the application of XTM to imaging-fiber composite
microstructures. These examples represent progressively more complicated
fiber geometries beginning with uniaxially aligned fibers and concluding with
woven (balanced plain weave) fibers. The third part discusses our present
efforts to perform in-situ materials studies, and outlines future directions of
research. Throughout this paper, the emphasis is placed on imagingadvanced composites which have technological importance, XTM is a
powerful technique, however, and its application to other areas such as
electronic materials, biomaterials, and geology can be anticipated.

X-RAY TOMOGRAPHIC MICROSCOPY

X-ray tomographic microscopy (XTM) using synchrotron radiation has
been shown to be an effective, high-resolution, three dimensional imaging
technique for nondestructive characterization of materials (1,21. XTM differs
from conventional optical and electron-beam microscopy in that the sample
need not be harmed prior to characterization of internal microstructure.
There is no requirement for flat optical surfaces or thin sections; materials
are examined in their unaltered state. XTM measures the x-ray attenuation
coefficient, it, at a point rx,y,z in a material from a finite set of x-ray
attenuation measurements (projection data) taken at different-angles through
the sample. The projection data is the transmitted x-ray intensity reaching a
position sensitive detector after passing through the sample. The absorption
data is directly related to the materials microstructure, and is given, for a
single point on the detector, by

I- S(E)[exp.,t(x,y,z,E)dl I dE, (I)

where SE) is the energy spectrum of the x-ray source and ls(x,y,z,E) is the
energy dependent attenuation coefficient at a single point along the
projection. The integral is taken along a straight path dl through the
sample. If the x-rays arc made nearly monochromatic with photon energy
Eo, the energy spectrum can be approximated by a delta function and
Equation 1 reduces to the familiar form of the Radon transform,31:

In (1) = fg(x,y,zEo)dl . (2)

Measurements of the attenuation through the sample as a function of
angle and position are used to numerically invert Equation 2 to solve for
ls(x,y,z,Eo) . The number of angular views considered sufficient for this
inversion (reconstruction) is approximated using simple geometric arguments
by

RAO = W (3)

where R is the maximum outward extent of the sample from the center of
rotation, AO is the suggested angular increment and W is the projection
width. A typical value for R with the present XTM is 2 mm and W is 5 lim.
The angular increment sufficient for the reconstruction using these
dimensions is approximately 0.2 degrees, although increments of 0.5 degrees
are generally used in practice.



Conventional CT measurements involve collecting absorption
information for a single cross-sectional slice through a material. Spatial
resolution is achieved either by collimating the incident beam using a
pinhole, and then rasterig the beam across the samplc-for every angular
setting, or by using a position sensitive detector to measure all of the
projection data for a ,single angular view in parallel. Aside from its relative
simplicity, the advantage of the pinhole technique is that the 'resolution, to
first order, is determined only by the size of the collimator. Elliott and
Dover have successfully used pinhole scanning with a standard x-ray
generator to perform tomography on mineralized tissues (4) and composites
15). An energy dispersive detector is used to count photons ofonly a single
energy, thereby satisfying the requirement for nearly monochromatic
radiation.

The primary disadvantage using the pinhole is that most of the
incident radiation is thrown away. The rastering, technique, therefore, is
extremely time consuming. Acquiring the data for the reconstruction of a
single cross section of a sample takes upwards of 12 or more hours
depending on the size of the pinhole collimator and the sample. This limits
the utilization of the pinhole approach for three-dimensional analysis and
precludes real time studies.

Linear photodiode arrays have been used in a number of CT devices
designed to operate on conventional x-ray sources (6,7). The widespread
application of linear photodiode arrays results from both their ease of use
and ability to acquire upwards of a thousand projected rays simultaneously.
The parallel acquisition of data improves the speed of the measurements
nearly a thousandfold, and the accumulation of enough data to reconstruct a
single slice becomes measured in minutes rather than days. In spite of these
advantages, h6wever, there are drawbacks to the use of the photodiode array
for ultrahigh resolution characterization, The first of these drawbacks is that
the photodiode array is noisy and-is subject to nonlinearities, This noise
limits the dynamic range and therefore the maximum contrast which can be
studied in a sample. The nonlinearities introduce ring-like artifacts in the
reconstructions which can further reduce the usefulness of the information
obtained, although these effects can be partially reduced by using a
combination translate-rotate design. Finally, even with reducing the data
acquisition times for a single slice from days to hours, it still requires days
to obtain enough information for three-dimensional sample visualization.

Clearly, a two-dimensional array which records projection data for
many contiguous dlices simultaneously is essential for practical three-
dimensional imaging (8), Feldkamp uses a vidicon array as a two-
dimensional detector (9), Because a vidicon is continuously read out at
video rates, the integration times are too short to detect an x-ray image
using a laboratory x-ray source. Therefore, Feldkamp relies on an image
intensifier which converts the x-ray photons into visible photons and then
amplifies the light signal by orders of magnitude. Because image intensifiers
have relatively low spatial resolution, it is necessary to use a micrbfocus
source in a magnifying geometry, and a "cone-beam" algorithm is necessary
to reconstruct the three-dimensional image from the x-ray projection
data[10]. CT systems run in this manner are limited in spatial resolution by
the source spot size (-20-25 pm), and in sensitivity,by the photon statistics
and linearity of the imege intensifier. Good photon statistics are difficult to
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achieve because signal averaging withvidicons is limited by excessive read-
out noise. Nevertheless, the image intensifier with vidicon detector has been
adopted by others (1ll, and images -of 20-30 pim resolution have been
demonstrated when imaging high contrast features.

Our group has, developed an XTM- instrument which uses a
thermoelectrically-cooled charge coupled device detector (CCD) in place of a
vidicon array (12). The CCD provides, superior spatilesolution and noise
properties, and can be integrated overtime periods of several minutes with
little buildup of dark current, noise. Because of this, imaging can be
performed without the complications and image degradation of an intensifier.
Furthermore, the detecting system we haye configured can be operated
successfully using standard focus x-ray tubes as well as microfocus sources
and synchrotron radiation. With the standard' focus source, the sample is
placed in close proximity to the scintillator to minimize the penumbral
blurring due to the diverging beam. In this configuration, a-parallel beam
reconstruction algorithm is used, With a microfocus source, the sample can
be placed much closer to the source in order to take advantage of an x-ray
magnifying geometry using a cone-beam reconstruction algorithm. Since its
development, XTM using CCD arrays has been successfully tested using
synchrotron radiation at the Stanford Synchrotron Radiation Laboratory
13,14), at the DORIS storage ring at the Hamburg Synchrotron Radiation
Laboratory (15), at the National Synchrotron Light Source (16},,at the Cornell
High Energy Synchrotron Source (CHESS), and most recently using
laboratory x-ray sources,

The sample positioning hardware currently consists of translation
stages, a rotary stage, and the stage controllers and driver electronics, The
hardware now in use is from Klinger Scientific. All-stages have stepper
drive motors, incremental position encoders and an origin signal. The linear
stages also have plus- and minus- limit signals. The stage controller
provides both user and computer interfaces to up to eight.separate stages,
The usr interface consists of front panel displays of position with a separate
button for each axis. Also, there are front panel buttons which allow the
user to independently position each axis or to home each axis to its origin
position. The computer interface, as it is used here, is,an IEEE-488 port,
through which the controller can accept, commands from a computer telling
it how and where to position the eight axes and through which it can report
back to the computer its success or failure at executing the commands.

In operation, the sample is reimoved from, the beam with a linear
translation stage. A reference image (lo(x,y) in Eq. 1) is recorded and the
sample is moved back into the beam. A radiograph of the sample is taken
I(x,y) in Eq. 1), and the image data are stored in the computer memory.
This procedure is incrementally repeated until a full 180 degrees of sample
rotation has been recorded, The reason for the reference images is to
monitor the incident beam profile. For a very stable source, the frequency at
which reference images are taken can be reduced,

A single crystal scintillator screen, converts x-rays into visible light
which is imaged with the CCD. Initially, the scintillator consisted of ball-
milled sub-micron particles of phosphor The phosphor layer was thin with
respect to the optical path length, and suspended on a glass substrate with a
transparent binder, Though great care was taken in fabricating the
phosphor, the spatial resolution was no better than 20 pm because of optical
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scatier caused by differences in the indices of refraction between the
phosphor and the binder, and between the binder and the substrate.

In the present configuration, we use a single' crystal CdWO4
scintillator. CdWO4 is not hygroscopic, and has a very high x-ray stopping
power. Optical scatter off of the free surfaceis minimized by using an anti-
reflective coating. Measurements using synchrotron, radiation sources at 20
keV itidicate that the spatial resolution of the scintillator is better than 5 pm.

The resolution of a single crystal scintillator is not perfect, however.
First, x-rays have a finite depth of penetration, and this depth increases with
increasing energy. Second, secondary events such as fluorescence,
photoelectron production and scatter act to blur the image within the
scintillator. The first effect, a finite depth of penetration, reduces the image
contrast. The secondary effects reduce the resolution. Unfortunately, both
of these problems increase with increasing energy, and are related to each
other by the modulation transfer function, MTF, of the system.

Figure 1 shows the depth of x-ray penetration in CdWO4 as a
function of incident x-ray energy. The depth has been calculated as the
path length over which 90% of the scintillation events occur. As x-ray
energy rises above 20 keV, the penetration becomes significant, and the loss
of subtle contrast variations in a sample becomes unavoidable. Also plotted
in Fig.-l is the depth of x-ray penetration In Csl, a widely used scintillator
material.

Two approaches have been developed to improve the resolution of
scintillator screens. The first approach is to decrease the thickness of the
scintillator. The second approach is to segment the scintillator into very
small optically isolated pieces[17,18$, In this manner, light produced by x-
ray absorption is confined to a single region of the scintillator. Making the
scintillator thinner reduces the amount of contiast loss, but greatly decreases
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Figure 1: X-ray peneration depth (90% absorpion) in single crystal scintillators.



the light output of the scintillator. Segmentation, on the other hand, offers
the advantage that as the x-ray energy increases, the scintillator can be made
thicker, thereby allowing more efficientuseof the x-ray flux. The difficulty
of segmentation lies in-fabricating very small elements and in keeping them
optically isolated. Exxon has had'some success in growing 1pm columns of
Csl crystals for a high resolution scintillator. Though, the isolated columns
are 1 pm and-less in diameter and roughly 1 gam apart, a careful examinati6n
of Exxon's published radiographs indicates that .the spatial resolution is not
as high as the 'egmentation would lead, us to believe. Though it is difficult
to speculate on the cause, for this poorer than expected performance, two
possibilities are worth considering. The first possibility is that the scintillator
face plate (the substrate upon which the Csl is grown) has a different index
of refraction'than the Csl, thereby leading to optical scatter. The'second
possibility is that the individual segments of the scintillator are not isolated
from secondary x-ray effects.

X-ray scatter (defined here as including all secondary processes) may
be the ultimate limiting factor in the resolution of scintillator screens. At the
x-ray energies considered here ( < 100 keV), an x-ray photon caneither be
absorbed or scattered. In high Z materials the incoherent 'scattering
probability is small at these energies; hence, the predominant interaction is
through absorption. When an x-ray photon is absorbed, the excited atom
can decay by emitting fluorescent radiation. The fluorescent radiation is
emitted into a 4n solid angle, and can travel for considerable distances before
being absorbed. This fluorescent radiation creates additional scintillation
events which can be far removed from the original photon path. Also, the
absorption of x-rays leads to the production of energetic, photoelectrons.
The energy of the photoelectron is given by Ee - hv - ob, where Ob is the
binding energy of the electron and hv is the energy of the absorbed x-ray.
The photoelectrons are sufficiently energetic to travel for considerable
distances in the scintillator, creating scintillation events all along their path.
Each of these events lead to a loss of spatial resolution and an increase in
noise.

We have calculated the effects on resolution due to secondary events
in CdWO4 as a function of x.ray energy using the Monte Carlo code COG
[19). COG follows all primary and subsequent generations of photons until
they are either absorbed or leave the scintillator. Photoelectric processes and
incoherent and coherent scattering processes are considered in the
calculations. The results of these calculations suggest that the largest
contributor to secondary scintillation events is the emission of photoelectrons
during the stopping of the x-rays,

The photoelectron range depends strongly on the incident x-ray
energy, Photoelectrons have much greater penetration in Csl than in CdWO4,
principally because the electron binding energy increases with Z and the
photoelectron range decreases with increasing density. The large range of the
photoelectrons in Csl (>1 pm) makes it impossible to isolate scintillator
segments on the micron scale, It is important to note, however, that the
spatial resolution of the scintillator is optimal immediately above an
absorption edge where the depth of x-ray penetration and photoelectron
energy are at their lowest,

Though laboratory x-ray sources can be used for XTM, synchrotron
radiation is the optimal source. Synchrotron radiation provides a broad
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Though laboratory x-ray sources can be used for XTM, synchrotron
radiation is the optimal source, Synchrotron radiation provides a broad
banded source of x-rays which range in energy from a few eV to several tens
of keV. Because synchrotron radiation can be continuously tuned using a
single crystal monochromator, it is possible to select the optimum x-ray
energy for the sample being characterized. Frequently, it is desired to choose
an x-ray energy which optimizes the signal-to-noise for the sample. The
optiimum energy is given by the well known relationship

2
D ,(4)

Figure 2 shows the optimum sample diameter, D, as a function of x-
ray energy for three important classes of materials used in composite
manufacture: aluminum, silicon carbide, and titanium aluminide. Also
depicted in Fig. 2 are the energy intervals which can reasonably be spanned
with present and proposed synchrotron radiation sources, Test panels of
metal matrix composites are typically 1.5mm thick. Assuming that the
aspect ratio of a rectangular gauge tensile specimen should be at least three
to one, then the largest dimension through the gauge section will be about
Sam. In ceramic matrix composite (CMC) specimens, for example N1c6lon
fibers (Nicalon is an amorphous SiC fiber) in a SiC matrix, the panel
thickness is typically 3mm, giving a largest dimension through the gauge of
approximately 10mm.

Using Fig. 2, the optimal x-ray energy for Imaging Al-matrix material
will be 27 keV, for imaging SiC material will be 37 keV and for imaging
higher Z Intermetallics such as T13AI will be 52 keV. Although the National
Synchrotron Light Source (NSLS) does not provide adequate x-ray flux at
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Figure 2: The optimal x-ray energy for imaging typical composite mtrdals as a fucson
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Figure 3: X-ray contrasts (100xrpt-Itrm) between fiber and matrix for three typical
conmposit Systems.

the high energies required for penetrating composites with these gauge
sections, the hard x-ray wiggler beamline on the SPEAR storage ring a t
Stanford is well suited for imaging the CMCs as well as the aluminum-
based composites. For the more absorbing intermetallle composites, it will
be, necessary to use the wiggler beamlines at Cornell which can provide the
required flux at high energies. The proposed Advanced Photon Source
tAPS) will also be well suited to imaging materials mlcrostructures of the
intermetallic composites.

In an x-ray image, contrast between features arises from differences in
the x-ray attenuation coefficient. High contrast features occur when cracks
and high Z or high density inclusions are present in the sample. Weak
contrasts result from slight variations in material composition. Figure 3
represents the contrast between matrix and fiber as a function of x-ray
energy for three cases. 1) SIC-fiber (SCS8) in an Al matrix, 2) Nicalon fiber
in a SiC matrix, and 3) SiC-fiber (SCS6) in a titanium-aluminide matrix. The
contrast between SiC and AtIis only 10% over a broad eiaergy range.
Therefore, distinguishing the fiber from the matrix in ths~composte systemrequires excellent photon statistics. The higher contrast between SiC and
CAS, on the other hand, relaxes the statistical constraints somewhat. Thecontrast is highest between the SIC and the intermetallic Ti3AI. At low x-
ray energy, the contrast is as high as 80%. Thus, in this composite system,
the fibers are clearly identified in the presence of nodie. 118wever, the high
contrast poses another problem, namely, it becomes difficult to distinguish
broken fibers from voids and poresl

EXAMPLE S

We consider three examples of the application of XTM to imaging
composite microstructures. These examples have been chosen to represent
progressively more complicated fiber geometries. All of the data were



acquired during a rum a: the Cornell High, EmoTgy Synchrotrom Sourre
(CCHESS) using the 6-pee igr end station on braalize A2. Silicon
m:on-oc!:roeator crystals were tud wit llC ) and OWC) reAVOOMc~S
chosen to cove- thre x-ray enetrgy range frees ZO to 6.1 keV used in the

Thre first examP!e is; that of an aluminum, neix-SC-sS silicon carbide
fiber composite. SCS fibers consist of a 3-im diameter carbon core
surrounded by an approximately 143-Pin diameter SiC sheath. An
approximnately I-tum thick carbon ccesting is deposited onto !he fiber to
Jsrotedt it from detrimenital chemical reactions with tbhe matrix phase drn
consolidation. The composite is approximately 1-5 mm thick and Consists of
$ plies of uniaxially aligned fibers. The composite has failed in tension,, and
XTM.% was performed l-on thre fracture surface down about 2 mmn along the
long axis of he composite. nhe pade sampling size was 56 pim. and 0-5
degree angular in~crements; were used. The x-rayv energy was 20 keV.

Figure 4 shows an )MhI slice taken in the vicinity of the fracture
surface- It is important to emnphasize that the cross section is taken through
bulk mate.ia, and that no surface preparation was necessary. lkence, none of
the artifacts frequently associated %vith polishing, such as fiber pull-out, need
to be considered when interpreting the XTMf image. The image in Fig. 4,
therefore, is of the undisturbed region beneath and bordering the fracture
surface. In Fg. 4 it it sbserved that thc fibers have apparently failed at the
graphite core-SiC interface in the fiber interiors, and not at the fiber-matrix
interphiase as wre hat: expected. The impact of these observations on our
understanding of media..ral failure in this composite system is presented in
more detail later in these proceedirg125J.

tliure 4: XTNI image beneath the fracture surface in a SiC fiber/ Al nurx comiposite
failed in tension. Significant plasric defonmation of the nuix is observed, as is the
fracture behavior of the fibers (arrowAs marked A). Eixaminastion of the fiber fractures
indicate that failure eceured at the graphite core and not at the SiC/Al inierphase.



The scon-d exaple is a IS mm= CAS (calcium aluminum silicate)
i-Zis--9CS6 fib corpo=sM2lL T-e fil'ess are arranged ki a 0/90 cross-
ply stacking se~ift-ce. Abwotption data weore acquired at 0.5 degree angular

cre-nts ur-z an x-rAY energy of 20 keV. The pixel samplins size was
5.6-1.=, and 0 contiguous slices were imaged. Figure Sa is an XTM
sicrogra taken 0.9 =.= beneath the stuface of the composite pantel at 5OX
magn ton. Figue Sb is the corresponding SEX mincrgraph showing the
sae location. The SEI phoiomicrograph was obtained subsequent to the
XMI ea--riation by sectioning.

It is of interest to comzipare the two observations. The XI image
sh.s a crack run.ning from left to right across the specimen approximately
12 pm (.000 above a 900 fiber. This same crack is also observed in the
optical micrograph. S-I1 examination of this crack reveals it to be less than
IS pm (.00004) across along its entire length. Even though the pixel
sampling fize is 5.6 pim, the high contrast provided by the crack makes it
possible to image features much smaller. This is an important point: sp,;.31
resolution and feature delectablity are not the same, and pixel size as a
measure of system performance is a meaningless concept unless it is related
to the overall resolution of all of the individual components in the system

In addition to the crack, a small piece of broken fiber can be seen inboth the )'MI and the optical images. T/his broken fiber fragment lies
between the second and third fiber plies from the top of the image. Broken
pieces of fiber may act as stress concentrators for initiating cracks, and
th1refore, it is important to be able to detect these low contrast flaws.

,%

Figure 5a: XTM micrograph of a CAS matnx/SCS6 fiber 090 composite. Arrows nukd

A highlght a microcrack running across the width of the sample. This crack is
1.5 pun at its widest extent. Arrow marked D shows a broken fiber fragment
lodged btwcen fiber plies. Arrow marked C shows another microcrack in the
composite-



I

Figure 5b: SEM pig. S ThisI ~~~~~~~~SE.M V~ct~rp = 's blie - X LcJonngI .t o the same slim

plane as the XM I image. The SE\I shows the same crack (marked sitih arrow
A) as dispayedin the XTt image. In addition. the SEM image shows the crack
continuing across a fiber ply (axnow B). This crack extension was not seen in
the XThI irage. and thcr.forc we believe it to he a result of stress relief upon
polishing. On the right side of 'Sb is a high magnficazien iage (O00OX) of the
crack imaged by the XTI. indicating tha it ils Itan 1.5mm.

The final example is a SiC matrix-Nicalon fiber (amorphous SiC)
composite. The Nicalon fibers vary in diameter from 10-20 pmn. The fibers
are organized into bundles called tows (containing approximately 500 fibers),
and these tows are in turn woven into a crass-ply cloth. The fiber
cloth is formed into a near net shape component, and then a SiC matrix is
grown around the fibers by infiltrating a reactive gas mixture at high
temperaturel22]. Several types of porosity can be left behind from the
chemical vapor infiltration (CVI) process, The porosity is generally broken
down, however, into two types: microporosity, consisting of pores within a
tow, and macroporosity, consisting of any type of porosity lying outside of
the tow, The type, size and interconnectedness of the porosity directly
influence the permeability of the chemical vapor into the composite. The
pores may also act as nucleation sites for cracks. iecause of the geometric
complexity of this type of composite, a three-dimensional imaging technique
has a great advantage over two-dimensional techniques in studying the
origin of pores, their interconnectedness, and their subsequent influence on
mechanical properties.



Figure 6: XTM image of- lticals ibcr/SiC .scoen o iic The fully-dzns SiC is
marked wth arow A. A fiber tow ojicatd peredicular to the cross section is
marked with arow B. A fiber tow oriented in the plane of the cross section is
marked with arrow C. Individual fibers (arow D) can be seen in the tow
peripheries. Also resoled are macropores (arrow E) a:n micropores (arrow F).

Figure 6 is an XTM image of a fully reacted SiC-Nicalon woven
composite. This preliminary study ias des;gned to determine whether or
not XTM can image micro- and macroporosity, and also whether the present
contrast sensitivity and spatial resolutioi of the technique is adequate for
imaging the fiber tows in the SiC matrix. The XTM image in Fig. 6 clearly
distinguishes between the Nicalon and SiC, and shows both types of
porosity. Near the peripheries of the !ose, it is possible to identify individual
fibers (10-20 im). The magnification will need to be increased to xesolve
individual fibers in the tow interiors.

FUTURE DIRECTIONS

It is highly unlikely that XTM will ever achieve the spatial resolution
of SEM. XTM's principal advantage, an extremely important advantage, lies
in its noninvasive, three-dimensional capability. Coupling XTM to other,
more destructive techniques, will greatly expand our understanding of the
time-evolution of materials microstructures. In order for XTM to realize this
potential, however, in-situ inspection capabililtes must be developed, These
capabilities will include tensile load cells and high temperature stages.

j



We hav rcentllr tested a prototype load frame which allows XTMfstde obe performed oaf samples while they are under tensile 10ad1231. Inisprototype configuration, the load frame rests upon a single rotationalstzge--the load from the grips being suppoted by a semi-:ransparn x-raywindow. Though the x-ray windbw alters the DC value of the XTXI imagesdue to incomplete normalization of the reference beam, we havedemonstrated an ability to open up and image cracks using this cell up to42Ws tensile load. It is important to note that vibration and drift in thesample position must be- kept below a micrometer during the XT:.jmeasurements.
figure 7 shows the loud frame configured for use with a conventionalx-ray generator. At the right in Figure- are shown longitudinal andtransverse XTM sections through the notched region of an Al-Li alloy under42ksi tensile loud. The opened crack is easily visualized, whereas at 0 lasiload the crack is nearly invisible. The noise in the image is due to un-normalized absorption in the x-ray window. A second generatiun load cell isnow being designed which will eliminate the x-ray window.

f7sr7 I-it la fsnefa ereiigXTM n samples unde r tnsil load .



In addition to in-situ load frames, it will be necessary to imagelarger
samples with at least the same spatial resolution, if not better, as that which
we have already demonstrated. In the present X'M --design, and in all
commercially available systems, the sample is constrained to always remain
within the field of view of the detector during rotation. The CCDrdetector
used for these examples has approximately 1000 pixels (detector elements)
across the uield of view. This allows us to image a 1 cm wide sample with
an equivalent 10 lun pixel. With a recently acquired 2k x 2k element CCD
array, the same sample can be imaged using 5 pm pixels. An, obvious
approach is to obtain larger format CCDs as they becomeavailable. This
approach is impractical, however, because the cost of these CCDs is high,
and the availability is low. In addition, the data storage requirements
become enormous with increasing foimat.

Two other options exist for increasing the sample size with the present
XTI design. The first is to use translate-rotate geometries. In this manner,
the sample is translated across the field of view. This method requires
multiple exposures and an extremely tight tolerance on pixel~registratiofi.
Though greatly increasing the acquisition time, the translate-rotate method
will allow imagin4 larger samples with small format CCDs. However, data
storage requirements will remain large using this-method.

An alternative approach, and the one which we are pursuing, is the
region of interest (RO) method. Using the ROI method, the entire sample is
no longer constrained to remain within the field of view; rather, only a
region of interest needs to remain withiii view during rotation. We have
been making progress with the ROt methed, and success with the method
has now been obtained with artificial data. Application of the ROI method
to actual' experimental data is now being undertaken.

CONCLUSIONS

We have described an x-ray tomographic microscope which has
sufficient resolution and contrast sensitivity to provide valuable
microstructural information on engineering materials. The microscope can
operate using both conventional and synchrotron sources of radiation. The
approach'to x-ray microscopy outlined in this paper differs from other
efforts in that we are developing the technique to image small features in
large samples at high x-ray energy.

X-ray tomographic microscopy is beginning to be applied to materials
science studies'of composite materials. Efforts are underway to use XTM in
studies of fatigue and failure in metal matrix composites and also to study
chemical vapor infiltration of ceramic composites. Furthermore, a recently
developed tensile loading frame has been used in initial studies of crack
closure in high strength Al alloys123).

The application of XTM to materials studies has only just begun. The
use of XTM with other imaging modalities, for example ultrasound, MRI,
and electron microscopy, promises to greatly improve our understanding of
processing and failure in advanced materials.
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DEVELOPMENTOFQUANTTATIVEX-RAY MICROTOMOGRAPHY
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Corporate Research Laboratory, Exxon Research and Engineering Co.,
Rt. 22 East Annandale, NJ 08801

ABSTRACT
We have developed several x-ray microtomography systems which function as

quantitative three dimensional x-ray microscopes. In this paper we describe the
evolutionary path followed from making the first high resolution experimental
microscopes to later generations which can be routinely used for investigating
materials. Developing the instrumentation forreliable quantitative x-ray microscopy
using synchrotron and laboratory based x-ray sources has led to other imaging
modalities for obtaining temporal and spatial two dimensional information.

Introduction
X-Ray tomography is a non-invasive imaging technique which produces maps of

the internal structure of samples. It was first discovered (11 and developed 12-31 in the
early 1970's and'was originally employed as a medical diagnostic tool 141. In medical
appircations (51, computed axial tomographic scanners map bone and tissue sections of
human patients with .5-1 mm resolution on an image plane which usually contains
fewer than 512 x 512 pixels. Several different protocols for acquiring the data in
medical CAT scanners have evolved [4,5), however the attainable resolution is limited
near .25 mm due to dose limitations to human patients and the physicil detector
design. Medical CAT scanning technology was extended to other applications by
several gr

6
ups in the late 1970's 15,61, resulting in devices which obtained -50 pm

resolution in planar crossectional images. Higher resolution planar scanners (obtaining
-5 pm resolution) were also produced (7 using a piotocol which traded increased
resolution for a several hundred fold decrease in throughput.

With the advent of intense high brightness synchrotron sources, the potential
existed (8] to extend the technology with a plane parallel data acquisition protocol and
develop a practical x-ray tomographic system which functions as a three dimensional
x-ray microscope. X-ray flux available from a bending magnet beamline on the
synchrotron in principle allows a millimeter sized sample to be scanned with micron
resolution in less than 5 minutes. To capture this potential required innovations in
the areas of; (1) algorithms for reconstructing .1-1 gigabyte data sets, (2) computer
graphics to display the enormous amount of reconstructed data, (3) x-ray, detector
technology to obtain quantitative micron resolution images, and (4) beamline x-ray
optics to stably illuminate samples with a high flux x-ray beam. Since 1984 we have
had an ongoing program which addressed all these issuesand in 1986 (91 we obtained
our first three dimensional micron resolution images. Since that time we have been
working to evolve the prototype microscope into one which is a microscope for
experiments rather than an experimental microscope, This has involved, (1)
integrating advances in computer technology to speed up data reconstruction and
display, (2) 'reating an improved detector which incorporates automatic alignment
procedures, (3) constructing dedicated laboratory and synchrotron based x-ray sources
and (4) developing user friendly menu driven software that controls data acquisition
and reconstruction. In this paper we will review the evolutionary path of our
microtomography program. Other groups have also been working on several of these
issues 110,111 and describe their results in this volume.

Mat Res. Soo. Syrup. Proc. Vol, 217. ci19 Materials Rearch Society
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Development Of Synchrotron and Laboratory X-Ray Sources
Principle attributes desired in x-ray sources for microtomography are; (1) high flux

levels in a narrow energy range, (2) nearly parallel collimation, and beam stability in
position and intensity. Flux levels required for an accuracy, ar I F , in the
reconstructed map of linear attenuation coefficients, F ,in the target are given by

N[2 0
2 

eF2 nFlux - -... 1. .o ' '
S A Z(r(oIF)YS6 Eq.

where, N, is the number of x-ray photons per pixel incident in a single view of the
sample, A, is the area of each pixel; S, is the the live time for the scan during which
the sample is actually exposed by x-rays; = F Sample Size } is the optical
density through the target; ca, is a noise amplification factor introduced by the
reconstruction process [12); n, is the number of pixels in the image spanned by the
sample; 8, is the physical dimension of a pixel in the image, D is the detective
quantum efficiency of the x-ray detector which is -.5 for our detector (13]. In an
optimal observational strategy (12), the x-ray energy is matched to the target so that
optical depth through the target is r=2. and the required flux is minimized. Under
these conditions, the flux required for obtaining .o /F =.05 (5% accuracy) in
the reconstruction with a relatively short live scan time, S, of 10 minutes is shown in
Figure 1 below as a function of the number of pixels, n, and pixel's size, 8. A 5%
accuracy in the reconstructed map of linear attenuation coefficients gives acceptable
image quality for many materials. Inspecting Figure I it is seen that high resolution
large format images have extremely demandin source requirements.
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Figure 1. Plot of the x-ray flux required to obfain 5% accuracy in the reconstructed
map of attenuation coefficients under optimal observational conditions in
a 10 minute ( live time ) scan. Also shown are characteristic fluxes
obtained with our available sources,



To deliver high fluxes needed for high resolution large format operation, we
originally used Exxon's beamline X-10A at the National Synchrotron Light Source.
Some of the key optical components in this beamline are shown in Figure 2 below.
Fluxes as high as _106 x-rays I Qsi 2 

-sec) can be obtained with a 150 mA synchrotron
beam current when the mirror located -10 m a!ong the line is focussed to relay a
direct image of the bending magnet radiation to the sample. The focussed spot has a
roughly Gaussian intensity profile with a width of less than -400 pm which does not
fully illuminate samples scanned with micron scale resolution. To fully illuminate
sampales, the beam was defocused to a -1000 iam spot size with an average intensity of
-10 x-rays / fpm

2
-sec). In initial operation, fluctuations in the position and intensity

of the beam over the exposure period produced an unanticipated problem. Because
the mirror delivers an image of a beam' with Gaussian intensity profile, variations as
small as -250 A in the position of the e-ray beam could lead to errors in detector
calibration and artifacts in the reconstructed images. Changes in the bears position
were due primarily to variations in the orbit of the synchrotron beam and thermally
induced deformations of the mirror and. monochromator. Often these variatiens were
uncorrectable and -33% of the data sets had to be rejected. Another -33% of the data
sets taken had severe ring artifacts dde to uncorrectable calibration errors.

To overcome this problem and obtain reliable stable uniform high flux sample
illumination, a new beamline was designed and constructed. The new beamline (X2)
does not form an image of the source with a long working distance mirror, but rather
has optical elements closely coupled to the sample. A white beam is brought from the
synchrotron to within -1 meter of thef sample where it can be processed with a variety
of optical elements and provide a uniform sample illumination over area greater than 6
mm . Figure3 shows aschematic diagram of two different configurations of the X2
beamline. In one configuration (Figure 3A), a silicon monochromator provides a
narrow bandpass. Higher harmonics (W/N) reflected from the silicon monochromator
are rejected with a flat grazing incidence x-ray mirror, A wider bandpass is obtained
by using a multilayer monochromator which can be inserted in place of the silicon
monochromator. Figure 3B shovis the X2 beamline configured to operate at -20 keV
energies. with the multilayer monochromator. At -20 keV, the grazing incidence
x-ray mirror is not needed to reject higher harmonics (W/N) because of the relative
absence of photons of these energies in the synchrotron spectrum. Fluxes of -5 - 10 6
x-ray photons /{pm2 -se) can be obtained in a -50 ev bandpass. This flux allows

rapid large format high resolution scans of sample as quantitativcly shown in Figure 1.

Electro-optic Narrow Bandpa, s
Detector Monochromator

-5 ev

Radiation From
Sample Mounted Deformable Focusing Bending Magnet
On Rotation Stage Mirror

-1 cm -~10 nieters V I -10 meters
Figure 2. Schematic diagram of initial x-ray tomography experiment on beamline

X-10A at the National Synchrotron Light Source. The detector is shown
with a scale factor which is different from the rest of the drawing.
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Figure 3. Schematic diagram of two configurations for x.ray tomography
experiments on beamline X-2. The configuration shown at the top
(Figure 3A) provides a -8 ev bandpass while the configuration shown at
the bottom (Figure 3B) provides a -20 ev bandpass. The sample rotation
stage and detector are represented with a scale factor different from the
rest of the drawing.

Laboratory based x-ray sources do not have the flux of synchrotron sources,

however they provide significantly better convenience and source stability. As a
convenient in-house laboratory source we have been using a 3 kw Phillips x-ray
generator configured with commercial Cu, and Mo fine focus x-ray tubes commonly
used in x-ray diffraction experiments. The long fine focus tube produces a .4 x 12 mmx-ray spot which is viewed at a 4 degree takeoff angle yielding an apparent 4 x .8 mm

source size. Even though radiation diverges from this source, plane parallel sample
illumination conditions can be attained by moving the sample far back from the source113), For example plane parallel data acquisition protocols can N- attained for

millimeter sized samples placed 30 cm from the source scanned at 2.zlmi resolution.
This type of laboratory source cannot be directly used for quantitative x.ray
tomography because of polychromatic bremsstrahlung radiation which is emitted
along with characteristic line spectra, To eliminate this problem a crystal
monochromator can be attached to the x-ray tube, however, it reduces the effective
flux of the line radiation at the sample by more than a factor often. We have adopted

_ _ ... ...
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a different technique which reduces x-ray flux at the sample by less than a factor of
-two but doubles the amount of data needed to reconstruct a sample Quantitative
data is obtained by digitally processing sequential scans of the sample with different
filters imposed in the x-ray beam, The filters used are balanced using a technique
described by Ross, [141 so that the digital subtraction of the two data sets results in an
effectively monochromatic data set. Details of the application of the Ross balanced
filtering technique to quantitative tomography are described elseshere 115. With this
bandpass technique, the -2 ev wide K line from copper can be isolated with an
effective flux in the subtracted data set of - O 106 (x-rays/lsmt -see) as is indicated
in Figure 1.

Development Of High Resolution Elector-Optic X-Ray Detectors
At the heart of the microtomography device is a detector that digitally records

panoramic X-ray images with up to -1lim resolution, and high accuracy over large
dynamic range, Using electro-optlic x-ray detector technology we have constructed
two different generations of detectors which meet microlomographic resolution and
accuracy requirements,

Electro-optic x-ray detectors function by converting the x-ray signal to an optical
image which can be detected with a wide variety of TV sensors such as videcons,
orthocons, charge injection devices (CID), and charge coupled devices (CCD). Both
generations of electro-optic detectors were constructed to take advantage of the
properties of cryogenically cooled solid state CCD sensors, which in recent years (16]
have evolved to become the preeminent imaging electro-optic sensor technology. At
cryogenic temperatures (-140 'C - -75 'C ) a CCD is a nearly quantum limited device
and each optical photon absorbed in a pixel is converted to an electron that is stored in
a charge packet held in a silicon chip by fields from an electrode structure that defines
a two dimensional array of pixels. The chip is read out by passing the charge packets
in bucket brigade fashion from pixel to pixel to an onboard charge sensitive PET
preamplifier. Only a small amount of noise is added in the CCD sensor because a
double correlated sampling technique is used to read the charge in the preamplifier
(17). CCD sensors used in our detectors have a readout noise that is equivalent to
less than 40 electrons per pixel and a dark noise that adds a signal less than 5 electrons
per pixel per minute, The CCD's also have a dynamic range (saturation signal /
IMS readout noise) which is greater than -105 and a readout which is linear to better
than .5% over the full dynamic range. Both generations of detectors use back
illuminated CCD's which were manufactured by RCA , The first generation device
had 320 x 512 defect free -25 pmi sized square pixels that could integrate up to
-800,000 electrons per pixel before saturating. The second generation device uses a
sensor made with a 2X design rule and contains 640 x 1024 -12.5 lim sized pixels that
could integrate -160,000 electrons per pixel before saturating

Since pixel sizes in the CCD sensors do not match the desired I - 10 pm image
resolution, the x-ray image format must be altered before it can be recorded by the
CCD. Several different techniques have been used to alter image formats in
electro-optic x-ray detectors and we have shown [18] that a carefully designed optical
lens can be used for format alteration in demanding quantitative imaging applications.
Lens coupled format alteration is used in both generations of electro-optic detectors
and Figure 4 shows a schematic diagram of key elements in the detectors.

When a lens is used to couple the x-ray induced luminescence of a phosphor screen
to a CCD sensor, careful optical engineering must be performed. Attention must be
paid not only to the overall modulation transfer function of the system but also to the
overall light gathering efficiency of the lens. If the light gathering efficiency of the lens
is too large, tht attainable accuracy in a single exposure will be dramatically reduced.
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Figure 4. Schematic diagram of the key elements in the electro-opic detector and
their relationship to the specimen and x-ray source

To quantify importance of properly tuning the leas light gathering efficiency, we
consider the detected accuracy or uncertainty, p, which is related to the detected
quantum efficiency, , for each pixel byp =.-I- Eq.2

ioN
where N, is the number of photons per pixel incident on the detector. The deected
quantum efficiency, Do, for a lens coupled electro-op!icx-ray detector [18J is given by,

[ c,L A' rM ,.f ", . cj

where L,is the light gathering efficiency of the lens, c, is the number of optical
photons emitted by the phosphor for each absorbed x-ray, I is the absorption
probability of an x-ray in the phosphor, 0.= is the readout noise of the CCD
and c,=.8 istheoverallquantumefficiencyoftheCCD. Themaximumnumberof
x.ray photons, which can be integrated by the detector is

h W q.

t , L CL, 
E

where W is the number of electrons that saturate the CCD well and h is the
usable fraction of W which is typically 2/3. Inspecting equations 2,3 and 4, itls
seen that for a phosphor which efficiently absorbs x-rays ( >.$) coupled with a low
readout noise CCD ( . <50 electrons), the attainable accuracy in a single exposure
depends primarily on the usable CCD well depth, h W, and the number of photons
per x-ray relayed from the phosphor to the CCD, C, L, . The best attainable single
exposure accuracies are plotted in Figure 5 as a function of the usable CCD well depth
and number of photons per x-ray relayed by the lens to the CCD. For large format
tomographic reconstructions (512 x 512 pixels) there is a large noise amplification ((a
-12.5) and the X-ray image must be recorded with better than .2-4% accuracy so that
the amplified noise in the reconstructed image is less than 5- 10%.
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Figure5. Plot of accuracy attainable in a single exposure for a phosphor which
efficiently stops x-rays ( I : .8 ) coupled by a lens to a CCD having a
quantum efficiencyof c, =.A

Inspecting Figure 5, is is seen that even when the usable CCD well depth is greater
than 200,000 electrons, fewer than 2 optical photons per x-ray can be relayed to the
CCD by the lens if attainable single exposure accuracy has to be less than the -. 4%
needed for large format tomography. Most phosphors have quantum efficiencies of
.5-5% 118 and generate -50-500 photons per absorbed hard (-10 keV) x-ray. To limit
the number of x-rays arriving at the CCD, the light gathering efficiencies of most lens
systlew have to be restricted. A simple field aperture can be used to restrict the light
gathering efficiency of many lenses. Averaging less accurate multiple exposures with
more light per x-ray reaching the CCD is currently not viable. Most of the time in
tomographic data acquisition is spent waiting for the CCD to be read out. Charge
transfer considerations limit quantitative readout rates of CCD's to -1-10 psec per pixel.
Operating with multiple exposures would significantly increase this overhead which
consumes -70-90% of the scan time. Future generations of CCD devices with multiple
readout ports and other advances may eventually alter this situation, however
preseitly the CCD readout rate limits scanner performance and data at each view angle
must be acquired from single exposures.

Besides being able to measure the x-ray flux to an accuracy of better than .4%,
stringent resolution requirements must be met by the lens coupled electro-optic x-ray
detector. Usually it is difficult toachieve spatial resolutions in the micron range with
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lens coupled electro-optlic detectors. Resolution is usually degraded by spreading of
light through the phosphor and lens so that the signal at each pixel is in part due to
x-rays incident on different pixels. To overcome this limitation, the first generationdetector used a novel cellular phosphor structure which is shown schematically in
Figure 6 above. The cellular phosphor scr.ens were lithographically produced and
contained more than 100,000,000 optically isolated uniform sized CsI phosphor
columns having -10.1 aspect ratios. The high aspect ratio CsI phosphor columns
stopped -80% of -8 keV x-rays entering each cell and acted as an optical

* waveguide for the emitted optical photons. Waveguiding of light in the cell was
facilitated by gold and gold/palladium coatings sputter coated onto the cell wall.
Several different phosphor screens having cell sizes ranging from -. 5-3 jim were
produced by a variety of techniques which have been described in detail elsewhere
(19J. All fabrication procedures yielded relatively efficient phosphors because cell
walls that occluded less than 50% of the surface area. The lithographic fabrication
procedures only yielded defect free phosphor filled cell structures over a small
(5-10%) fraction of the screen. Screens were scanned for good areas before being
used for tomographic data acquisition. Even in good areas there were slight spatial
variations in the quantum efficiency of the cellular phosphor. The variations were
due to differences in cell sizes and depth of phosphor in the cells. Typically the
maximum variation of the quantum efficiency amongst cells in the screen was less
than 15%. Figurt 7 shows an example of the type of spatial quantum efficiency
variations which can occur with lithographically fabricated cellular phosphors.
This toe of spatial variation quantum efficiency can be tolerated if the x-ray source
is spatially uniform and is stable over the course of a tomographic scan, however
even slight positional or intensity changes in the x-ray source will lead to a ring
artifact in the reconstructed tomographic data set.

To overcome problems with ring artifacts appearing in reconstructed data sets, a
different phosphor has been used with the second generation detector. A flat
phosphor plate freefrom optical defects is integrated directly with a specially
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cellular phosphor used in first generation electro-opic detector. Spatial
variation of phosphor screen quantum efficienc can be clearly seen in the
calibration exposure and image through the sample. The fixed pattern

variations are removed by ratioing the calibration and sample

measurements. Also the inhomogeneous detector response is absent in

the projection (In of the ratio) used for reconstruction.

designed lens. In designing this system care must be taken to avoid scattered light and

to minimize the effects from light generated out of the focal plane of the lens. Light is

generated out of the depth of field of the lens because x-rays are stopped over a -10 pm

distance and micron resolution lens systems have a significantly smaller depth of field.
The optical engineering of this flat phosphor and lens system will be described

elsewhere 1201.
Besides changes to the phosphor, lens and CCD, the second generation detector

incorporated several mechanical changes which improved the system reliability and

statistical accuracy. A redesigned CCD mounting in the cryostat and related imaging

optics provided substantially improved mechanical stability so that mechanical
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detector drift was less than -50 A. Mechanical drift in the first generation camera was
demonstrated to contribute to ring artifacts. In addition, autofocus and critical
alignment test functions have been added to the data acquisition software. To obtain
critically focussed images, focus control is automated and rapidly produces images
focussed to quantitative aiteria. The optical relay requires the image formed on the
phosphor plate to be focussed on the CCD. Images that appear sharp may not be
critically focussed. The resulting defocus MTF (Modulation Transfer Function) can
have a detrimental effect on data quality. In a system test, contrast reversed
reconstruction was obtainable from defocused images of a periodic test target.

Since the CCD forms an orthogonal array of detectors, slight misalignments in the
axis of rotation of the specimen with respect to the CCD array results in errors in the
projection data. A point on the exterior cylindrical specimen may appear in a row 160
at 0 degrees and row 161 at 180 degrees with an axis alignment error of less than .5
degrees. As specimens become larger and pixel arrays smaller, the sensitivity to this
alignment becomes more severe. In the second generation detector, axis of rotation is
evaluated by a software alignment check prior to data acquisition and requires
operator intervention only if the rotation axis is not parallel to the CCD device within
experimental tolerances. The position of the axis of rotation may be adjusted to lie on
a pixel boundary so that transposition errors are minimized. By placing alignment
and focus functions in the image acquisition software, subjective operator judgments
are eliminated.

The second generation aetector also incorporates an improved CCD calibration
procedure to better remove the CCD response from the input signal. Small deviations
in the CCD response can result in the systematic over/ under estimation of specimen
absorption. The revised method fo. CCD device calibratibn evaluates each pixel on
the device for dark count, gain, linearity, saturation and noise based on a linear
regression of each pixel in aseries of a white card exposures that paitially fill the CCD
well.

The aforementioned improvements in the second generation microtomography
detector x-ray sources have created a reliable microscope which can be routinely used
to scan samples.

Development Of Data Reconitruction Algorithms And Display Software
To practice microtoniography on even moderately sized samples requires a

tremendous amount of computational analysis. For example, a cubic millimeter sized
sample imaged at one micron resolution requires a gigabyte data set. Typically we
anelyze, slightly smaller data sets containing .1 gigabytes. To handle this large
amount of data we have developed [9,211 image reconstruction isethods that are far
more rapid than the conventional Filtered Back Projection'methods. Our technique,
called Direct Fourier Inversion has been develojped specifically for data collected
using the plane parallel acquisition protocol employed in the microtomography
system. The technique provides an implementation of the fundamental theorem of
tomography which states that the Fourier-transforms of the sample and projection
measurements are identical. The irliplementatioii adds two steps of padding the data
set with zeros and appropriately filteritig the transforms to successfully reconstruct
complex targets. On relatively fast array processing computers, the technique reduces
the amount of time needed to process data sets from - I month to hours. Typically the
reconstructed maps of the sample consist of three hundred planar sections each
containing512 x 512 pixels.

Besides developing algorithms for reconstruction, techniques had to be perfected
to visualize the eno-mous data sets. In our first generation system we were only able



to dis:)lay individual planar images from the reconstructed data sets. More recently
weernployed computer graphic techniques which allow us more fully visualize three
dimensional reconstructions. These computer graphic techniques are described
elsewhere (221 and 'allow cube tool sliced viewirg of the three dimensional structure,
display of hidden surfaces within samples, and transparency rendering of phases
within samples. Examples of the display of irfaces within sample reconstructions
are shown in Figures 8 and 9 below as well as Figure 10 on the next page. An example
of a cubetool rendering is shown in Figure 11. These visualization techniques can
often be performed in real tne.

Figure 8 Visualization of the interior and exterior surfaces of -3 mm sized hollow
aluminum shells provided by the Vanderbil. Microgravity Center. Surfaces
were determined from 512 x512 x 320 data sets taken at-6limper pixel.

Fgure9. Visualization of the surfaces of wires running inside ceramic packaging
provided by IBM Research. The wire surfaces in the interior of the ceramic
and are exposed by processing of the 512 x 512 x 320 data set taken at -6
jam per pixel. Details of this investigation will be published elsewhere 123.
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FigurelO. Visualization ofsurface inside a 1.5 mm piece of Berea sandstone. Sample
was reconstructed on a 512 x 512 x320 mesh at 3pm per pixel.

Figure I1. Rendering of the interior structure of a the piece of Berea sandstone
shown above using cubetool. White regions are min.:ral matter, black
regions are pores and gray areas are sand grains.



Discussions And Conclusions
This paper has reviewed the evolution of several key technological

developments 'that led to creation of a reliable microtomography instrument.
Currently the instrument can be routinely and reliably used as a three dimensional
microscope in materials investigations. During the course of the development of this
three dimensional x-ray microscope, a number of applications were implemented
which utilize its ability to acquire quantitative microradiographic images. The ability
to rapidly collect quantitative high resolution inages of x-ray attenuation has
allowed us to study dynamic changes in samples and rapidly map co position and
porosity of samples. Dynamic changes, such a mapping flow patterns in porous
materials, are typically studied using a digital subtraction radiography process. To
visualize flow patterns, a radiographic imag of the samR.e is subtracted from
sequential images taken with fluid invading the pore structure. Similarly porosity
can be mapped by subtracting radiographic images taken before and after the
intrcduction of a suitable x-ray attenuating fluid into the pore network.

We have been applying the microtomography technilue to study the structure of a
variety of rocks, minerals, coals, catalysts§and engineered materials. Samples can be
scanned with monochromatic synchrotron radiation at .75 - 3 jim per Pixel in less
than 2 hours and reconstructed on a 512 x512 x 320 gridin a similar amount of time.
Scans times and reconstruction times asshort as 10 minutes can be achieved when
samples are scanned at the synchrotron 'on a 128 x 128 x 80 grid of 6 micron sized
voxels. Currently scans covering a 1024 x 1024 x 640 grid represent the largest
number of voxels which can be reconstructed and displayed. At'.s level of detail,
samples can be scanned in less than 10 hours at.75 microns per pixel.

In the future, we expect to see miciotomography applied to an increasing variety
of subjects including those in materials science, biology and medicine.
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DETELCnON OF FREE LIQUID IN CEMENT-SOLIDIFIED RADIOACnIVE WASTE DRUMS
USING COMPUTED TOMOGRAPHY

IS. STEUDE* AND P.D. TONNER
ARACOR. 425 Lakeside Drive, Sunnyvale, CA 94086

*now at Stone & Webster Engineering Corporation. PO Box 550. Richland, WA 99352

ABSTRACr

Acceptance criteria for disposal of radioactive waste drams require that the cement-
solidified material in the drum contain minimal free liquid after the cement has hardened. Free
liquid is to be avoided because it may corrode the drum, escape and cause environmental
contamination. Te DOE has requested that a nondesractive evaluation method be developed to
detect free liquid in quantities in exceSS of 0.5% by volume. This corresponds to about I liter in a
standard 208 liter (55 gallon) drum. In this study, the detection of volumes of fire liquid in a 57
cm (2) diameter cement-solidified drum is demonstrated using high-energy X-ray computed
tomography (CI'). It is shown that liquid concentrations of simulated radioactive waste inside
glass tubes imbedded in cement can easily be detected, even for tubes with inner diameters less
than 2 mm (0 08). Furtermore. it is demonstrated that tubes containing water and liquid
concentrations of simulated radioactive waste can be distinguished from tubes of the same size
containing air. The CT images were obtained at a iate of about 6 minutes per slice on a
commercially available CT system using a9 MeV linear accelerator source.

INTRODUCTION

The production of radioactie waste is a result of nearly five decades of nuclear energy and
defense programs. During this time, many methods have been developed for dinposal of
radioactive wastes in a manner that reduces the risk of environmental contamination. One such
method is to mix liqulied radioactive waste with cement and allow the mixture to solidify in steel
drums prior to disposal. As long as the radioactive waste ts bound in the cement and the drum is
properly disposed, there is little chance that the radioactive elements will be able to find a path to
the biosphere.

Experience has shown that some types of liquid radioactive wastes produce resdual free
liquid when mixed with cement. The top surface of the solidified mixture may appear to be
uniform but pockets below can contain appreciable amounts of free liquid. During transportation
and storage, drams are subject to heating and cooling which causes vaporization and condussation.
As a result, the free liquid can collect on the inside wall of the dram. Once the liquid is in contact
with the wall, corrosion and breakthrough may occur, Consequently. there is a need to ensure that
there is a minimum of free liquid in the cement.

The US Code of Federal Regulations (CFR) requires that the amount of free liquid be as
low as reasonably achievable (ALARA) and in no case be more than I% of the volume of the
container [1, 2], In response to this, the Department of the Energy (DOE) has requested that a
nondestnictive evaluation (NDE) method be developed to detect free liquid in quantities in excess
off0 5% of the volume of the container.

Current methods for determining the amount of free liquid in drums range front destractive
methods, such as punching a hole in the dram, to nondestructive methods such as radiography [3].
The major problems with the hole-punch method are:

(1) free liquid with no path to the hole will go undetected,
(2) the hole degrades the integrity of the drum even if it is sealed after use, and
(3) the inspecion must be conducted in a place and manner that can safely handle the

release of radioactave liquids and vapors.
Problems associated with the application of radiography (either with film or real-time techniques)
to waste drum insp"ction include:

(1) sensitivity to 0 5% free liquid by volume is questionable, especially if the liquid is
dispersed in small voids throughout the cement,

(2) for best results, free liquid detection sensitivity must be optimized for a given path

Mat. lift Soc. Synp. Proc. Vol. 217. 1991 Materils Research Society
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length through the dram by adjusting exposure times and other variables and
(3) quantitative measurements of free liquid volume na difficult with radiography because

it is often not possible to distinguish between changes in X-ray path length and changes
in density.

Computed tomography (Cl') is a highly sensitive inspection technique that can be used,
free of the complications listed above, to detect free liquid within a cement-solidiried waste dram.
Unhke radiography (Figure 1 (a)), Cr measurements of X-ray attenuation are independent of X-ray
path length through the material and are unaffected by surrounding structure (Figure l(b)).
Furthermore, CT sensitivity to small localized density changes is tyically several orders of
magnitude greater than that of radiography. For applications requiring high sensitivity, CT images,
are obtained one slice at a time. Each image can be thought ofas a cross-sectional density map
thiough the object in the plane ofthe slie. Multiple C images can be combined to form a full 3-D
view of the density distribution in the object. Consequently, multiple CT images can be used as a
quantitative measurement of the total amount of free liquid in a cement solidified waste drun
independent of the location of the liquid in the drum.

The objectives of this demonstration were to: (1) use a high-energy CT scanner to detect
free liquid in a standard 55-gallon (208 liter) waste dram filled with cemeat, (2) determine the
smallest free liquid quantity that can be detected, and (3) demonstrate that CT can be used to
distinguish voids filled with water and simulated radioactive liquid waste from the same sized air.
voids.

METHODS AND MATERIALS

Portland Typ: I cement was mixed with water (one part water to two parts cement by
weight) and poured into a Type 17E 208 liter (55-gallon) waste drum constructed of 18 gauge steel
(57 cm diameter, I mm wall thickness). The bulk density of the cement was about 1.9 g/cc after
drying for three days. Immediately after pouring, four sets of thin-walled glass tubes were
inserted into the cement, The inside diameters of the five tubes in each set were 09,2 0,2 4,3.4
and 4.0 mm. One set contained air, another distilled water and two sets contained concentrations
of NaNO2 (20% and 40%).

NaNO2 was chosen because it has X-ray attenuation properties similar to that of a
radioactive supereatant at West Valley, New York. Present plans are to dispose of this supematant
using the cement solidification method (4]. The percent-total solids content of the West Valley
supernatant is approximately 40% and consists primarily of sodium nitrate and sodium nitrite with
imnor amounts of other compounds and trace amounts of radionuclides. The density of the
superatant is 1.3 glee. The approximate density of the 40% NaNO2 solution is also 1.3 g/c
while that ofthe 20% solution is 1.15 glce.

The CT system used to scan the waste drum is an ARACOR ICT 1500 equippe with a 9
MeV linear accelerator X-ray source (Figure 2). The source and detector elevators (right and left
side of scanner, respectively) are designed for a vertical scanning range of 2.3 m (92"). The
specimen table can accommodate objects up to 1.3 m (52") in diameter and weighing in excess of
4500 kg (10, 000 lbs). This scanner is designed for rapid inspection of stage Ill of the Minuteman
Ill rocket motor. A scanner designed speci ically for objects the size and weight of a cement-filled
waste drum could be considerably smaller and could employ a specimen stage elevator rather than
soarce and detector elevators,

A 10 m slice thickness and a 0.6 millimeter ixel size were used to obtain CT images
1024 x 1024 pixels in size. Typical scan times were 6minutes per slice. The 10 mm slice was
located such that each tube extended all the way through the slice.

RESULTS

ACT image of the 57 cm diameter waste drum filled with cement (Figure 3) reveals details
of the internal cross section with the photographic-like image quality typical of images produced by
single-shce CT scanners. The hight ring at the periphery is the I mm steel wall of the drum. The
out-of-round shape of this waste drum may or may not be typical but, in any case, causes no
reduction in CT sensitivity to small features located anywhere in the cross sectid6n. The mottled
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Figure I - Schematic diagrams contrasting (a) raography and (b) computed tomography.
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Figure 2 Industrial computed tomography scanner.

Figure 3: Crmage of the 57 cm diameter waste drum.
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The minimum CFdensity for all tubes has been measured from the Cr image and pinted as
a function of tube diameter (Figure 4). As evident from this graph, differences in CT density
between water-filled and NaNO2-filled tubes 2.4 ms and larger are measurable. For the 0 9 mm
tube the difference in CF density between air-filled and fluid-filled tubes is very small and the
fluid-filled tubes cannot be distinguished from one another at all.

It is reitaiable that the 0.9 mis NaNO2-filled tubes are detected in the Cr image yet cause
a change in radiographic thickness of less than 0.07% through a diameter. This is all the moresursig sit.nce natura vaatons in the cement ad sha istreglanutes at te periphery als serve
to mask radiographic thckness varatins. The.sensitiwty achieved s typic~al of single-slice CF
imagng and demands that the X-ray transrmssin measurements used fr CF be geometically
precse and largely free of scatter. Both these requrensets can be met by careful design and
aligneent of scanmng mechansms and ollimators Provided tere is sufficient X-ray pnetratin.
the object tself can be of any shape and composition and equres no preparation before scanning.

200

* 40% NaNO2

* 20% Na.NO2

* water

n air

0 1 2 3 45

GlasiiTbe Inside Diameter (Im)

Figure 4: CF density ns a fanction of tube diaumeter for varioas tube contents.
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ABSTRACT

In X-ray cone-bea= tomography, the only planar source
trajectory that does not produce inco=plete data is the infinite
line. Such a source trajectory is not experimentally possible.
To ensure co=plete data acquisition with cone-beam radiographs, a
set of nonplanar trajectories has been studied. Among the
trajectories proposed in the literature, a simple one is a set of
two circular trajectories with intersection of the two trajectory
axes. The angle between the two axes is related to the maximum
aperture of the cone bean. We propose here an exact method for
performing this reconstruction using the 3-D Radon transfor of
the object. The modulation transfer function of this algorithm
remains identical to that for the central slice of reconstruction
in a single circular trajectory. The relative mean square error
for density stays within 2% for an aperture of ±300. With a
single circular trajectory, the relative uean square error may
reach 209 at the same aperture. With a double circular
trajectory, horizontal artifacts are nearly suppressed.

INTRODUCTION

Recently 3-D cone-bean tomography has become of interest for
the nondestructive evaluation of advanced materials. The main
field of application is in the evaluation of structural ceramics
[I). Study of such materials implies high density resolution and
high sensitivity to -4cks (2,31. In fact, with a circular
source trajectory, when toe cone-beam ape.-ture Increases, density
is underestimated and horizontal cracklike artifacts may appear
at interfaces ir, the sample (4). These artifacts limit the
thickness we can examine aith a planar source trajectory. To
maintain optimal reconstruction accuracy with a circular source
trajectory, the angular aperture must remain within ±10* (4]. To
examine greater thicknesses and to maintain resolution, we must
widen the cone-beam aperture; this allows us to reduce the
source/object distance, and photon noise is then reduced. If we
wish to reduce the volume of the elementary voxel by 8. for
example, to keep the reconstruction signal-to-noise ratio
constant, we must multiply the flux in the voxel by 16. Thus,
the shorter the source/object distance, the better the signal-to-
noise ratio. An aperture near ±30* allows us to examine larger
volumes under good conditions.

Until now, most of the experiments presented in the
literature were performed with a planar source trajectory (5,61.
Recently, a new method presented by Smith (7) has been applied to
nonplanar source trajectories by Kudo and Saito (8). The
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inversion presented by Kudo uses the Hilbert transform. We
present in this paper an exact reconstruction method using 3-D
Radon transform inversion with a double circular source
trajectory. This is an application of the work of Grangeat
(9,101 who established a general =athe=atical relationship

between X-ray transform and the first derivative of 3-D radon
transform. This method requires less coputation than the Kudo
method 111) because Hlbert transform iz not a local operation.
In the Theory section of this paper, we recall that mathematical
relationship. In the Method section, we show how two circular
source trajectories can give access to complete information on
the saple. We give the relationship between the size of the
reconstructed object and the angle between the axes of the two
trajectories. In the Results section, we study with simulated
data the modulation transfer function (HTF) of the dual-axis
reconstruction method. We provide some comparison to
reconstructions obtained with single planar trajectory
reconstruczions.

THEORY

Grangeat (9] shoued that we can link exactly the 3-D Radon
transform of an object and the X-ray transform of the same
object. With this relationship we can directly determine points
of the first derivative of the Radon transform; thia is done
independently of the source trajectory. For each radiograph, the
set of points filled in the Radon space forms a spherical surface
(Fig. 1). Given an object function f(H) where H is a given point
of the space, let us define the X-ray transform Xf(S,A), the
radiographic reading at point A corresponding to a source
position S, as

+5  SA
Xf(S,A) - j S+a-; -)da

ISAII (1)

If we consider point P of the Radon space of origin 0, the Radon
transform of f in P is given by

Rf(P) -J.1 -)f(M)dH
(oPPl)-O (3)

and call SYf(S,n) the integral over the line D(S,n) intersecting
the detector and the plane passing through S and perpendicular to
n (fig. 1)

SYf(S,1) = JYf(S,A)dAsy (,) AC(s,5) (4)

where

Yf(S,A)=- 4 Xf(S,A)

(ISAII (5)

then the Grangeat formula (9) can be written as
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,1q a(sYf) a(Rf).-
II

O 5 | z  
(6)

with p OC, p' - OCI, as defined in Fig. 1.

For reconstructing, the first derivative of the Radon
transform is filled with the spheres that correspond to each
source position and is inverted by two set of backprojections.

8 iJ2  n (7)

Kirillov (12] and Thy 113) showed that in order to perform
exact 3-D cone-beam tomography, all planes passing through each
point of the object must cut the source trajectory at least once.
Obviously, in the case of the circular trajectory, the planes
that are parallel to the trajectory and cross the sample do not
follow this condition. Thus, no information lying in these
planes is detected.

Integration plane torus trajectory I

Der onalp n planetoru7u trajectory 2

c'
A

psi a ' integrationP It line X1 4
11 0

Fig. 1. Acquisition georietry fur the Fig. 2. Ofuximum object radius
relationship between X-ray transform with double circular trajectory
and Radon transform of radius rsoul and rsou2

WETHOD

The set of points of the Radon space that is addressed by a
circular trajectory defines a torus (9). The Radon transform of
a spherical object is different from zero in a sphere of-the same
diameter as that of the object. Thus, to reconstruct an object
of the same diameter as this sphere, we must measure these points
in -the Radon space. The principle of double circular source
trajectories is definition of a second torus whose axis
intersects the axis of the first and that is defined in the area
where the first torus is not defined. The simplest trajectory
from a mathematical point of view is achieved by constructing the
second torus at 90* from the first one [8. This trajectory
provides the largest possible radius of the object to be
reconstructed and allows a total angular aperture of ±450, but is
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seldom compatible with hardwar problems. Usually, the possible
angle between the twd trajectories is less than 1450. As shown
in Fig. 2, let us assume that the angle between the two
trajectories is 4; then, if rsoul and rsou2 are the radii of the
trajectories and rrad is the maximum radius of the object that
can be examined without approximation,

rsoul.rsousin4rrad = 2''2

qrsou2 + Zrsou2rscul.cos4+rsoul 2  
(7)

RESULTS

Using the same methods we described in Ref. (4), we have
measured the. HTF of the dual-axis reconstruction on a set of
concentric spheres at different apertures. This MTF (Fig. 3) is
identical to that of the Radon algorithm on the central slice and
is independent of aperture. In the case of single-axis
reconstruction, the MTF is very perturbed at large apertures no
matter what algorithm is used. The uniformity of the HTF with a
double circular trajectory shows that we have suppressed the
entire effect of the shadow area without degzading the
geometrical

0.8! 0. '

0.61

0.4."
0.20.0£

0.1 0.2 0.3 0.4 0.5 _30 -20 -10 0 10 20 30
reduced frequency vertical angular aperture (degrees)

Fig. 3. Modulation transfer function Fig. 4. Relative man square error
of the dual axis reconstruction. All of the different cone-beam
values of the MTF are very close reconstruction codes,
to the apodisation function of the ---- 3-D backprojection
radon reconstruction. - Radon 2 axis-e Radon I axis central slice - Radon 1 axs

Radon 1 axis 10, position siico --- Radon 1 axis 0, In shadow
* Radon 2 axs 30* position area
-Apodsatson function of Radon

Density resolution was evaluated as described in Ref (4). A
set of spheres is located on the axis of one of the two
trajectories, and the average density of each sphere is compared
to that of the sphere of the central slice. With a single
circular source trajectory, the 3-D backprojection algorithm (5)
and the Radon algorithm underestimate the density of the spheres
that are not on the trajectory plane. In Fig. 4 we see that for
an aperture of ±30', with a single circular source trajectory the
relative mean square error (RME) may reach 20%. With dual-axis
resolution the RME is less than 2%.
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Fig. S. Effect of double trajectory on
horizontal artifacts. The sample is a set of
cubic volumes. Each vies represents a vectical
slice along the first axis of rotation. (a) 3-D
backprojection reconstruction, (b) Radon
reconstruction with single circular trajectory
(Radon I axis), (C) Radon reconitrUction with
double circular trajectory (Radon 2 axis)

Effects of dual-axis reconstruction on horizontal artifacts
have been studied on a set of parallelipedic simulated samples.
Figure 5 shows the improveed reconstruction with a double
circular trajectory. This improvement is sensitive on each
interface and particularly at the top and bottom of the sample.

Figure 6 shows densitometer profiles taken axially along the
sections of the simulated data samples. Figure 6 a is the
densitometer profile for the entire length of the reconstructed
simulated data and Figure 6 b shows an expansion of the .7 to 1.4
density of Figure 6 a.

2 1.4

o1.3 A
oo,7

0 4.0

-40 -20 i 2o 40 a20 -10 0 10
vertical aperture (degrees) vertical aperture (degrees

(a) (b)
Fig. 6, Density values along the first axis of rotation
for the three reconstructions In Fig. 5. (a) plot for
all apertures. (b) central part of plot (a).

Radon algorithm, single circular trajectory
- Radon algorithm, double circular trajectory
- 3-D backprojection algorithm, single

circular trajectory
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CONCLUSIONS

We have shown that 3-D cone-beam tomography with double
circular source trajectory suppresses problems of missing
information encountered with single circular trajectories.
Mainly, density resolftion is independent of interest-area
position, and streak artifacts characteristic of single circular
trajectory reconstructions are suppressed. This method can be
implemented without approximation using the Grangeat formula,
Such a method allows the design of 3-D cone-beam tomographs for
evaluation of small components with good photon efficiency. We
are upgrading our experimental setup to acquire data on the
double circular trajectory.
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PROCESS CONTROL FOR COMPOSITES USING COMPUTED TOMOGRAPHY
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-UP ResearCh, 4440 Warrensville Center Road. Cleveland. OH 44128
-The Carborundum Co.. 2351 Whirlpool Street. Niagara Falls. NY 14302.

ABSTRACT

Structural information provided by computed tomography (CT) can be used
for quality control and optimization of processes for manufacturing better
materials. The squeeze casting method for producing metal matrix composites
involves infiltrating a preform of ceramic fibers with molten metal under high
pressure. Part quality can be improved if CT is~used before infiltration to
determine if the preforms have the desired distribution of fibers and are free
of defects. Measurements do not require uniform shapes.'and CT systems can
even be used to obtain accurate densities on complicated part shapes that are
not amenable to bulk density measurements based on weight and size. With this
quantitative distribution information as a guide. preform production can be
modified to produce either a more uniform fiber 'istribution or to selectively
increase the fiber concentration in critical areas. Problems occurring during
later stages of processing can be detected in CT images of the completed part.
For example. CT can be used to detect unreinforced regions in metal matrix
composites caused by cracking of the preform during the squeeze casting pro-
cess. CT scans of completed parts can also detect and distinguish variations
in structure such as microporosity.

INTRODUCTION

Ceramic fiber reinforced metal matrix composite (MMC) parts have superior
mechanical and thermal properties comparedto parts made from 4ust the metal
alloy, Consequently. CXC parts possess properties desired by the aerospace,
automotive and consumer-goods industries [1.2). Squeeze casting Is a proce-
dure for producing an i4C'by Infiltrating the open network of voids in a pre-
form of ceramic fibrs with molten metal under high pressure. The preform
generally contains 10-20% fiber, by volume.

Defects. such as delaminations. Porosity and non-homogeneous fiber dis-
tribution. can degrade the properties of the part and result in premature
failure. 6y mapping the X-ray attenuation in a specimen. CT can provide an
accurate reconstruction of the size. shape and distribution of such defects in
cast parts. The same principles can be applied to detecting and characteriz-
ing materal and density variations in preforms. The information available
from CT analyses can be used for control and optimization of manufacturing
processes. as well as for quality control inspection.

EXPERIMENTAL

CT Images of Most of the preforms and the MMC castings were obtained with
a Scientific Measurement Systems (SMS) IOIB series industrial CT system. The
parts were scanned with an X-ray source operating at 225 kVp and filtered with
05 =m of brass. Scan geometry was set so that in-plane and slice thickness
resolution were both either -0,3 me or -0.5 M. Images for the castings were
corrected for beam hardening using transmission values obtained with an alum]-
num wedge. Two preforms were scanned with a Siemens 0R3 medical CT system
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with an X-ray' source operating at 125 kVp. in in-plane resolution of -0.7 mmn
and a slice thickness of 4 mmn.

In the gray scale images, white signifies greater X-ray attenuatin.
which is proportional to both density and composition. For the preforms. com-.
position was uniormly distributed so that the measured attenuation was di-
rectly proportional to fiber density. X-ray attenuation values were converted
to fiber density through analysis of calibration preformos hoeing identical
composition. simple geometry (iLe. cylinder or cube), and a cross section of
similar size and Shape,

RESeLTS AND DISCUJSSION

Fiker density in a preform affects both the casting process and the re-
sultant structure of the casting. insufficient fiber density or crocks lead
to enreinforced or under-reinforced areas, while metal starvation can result
from too high a fiber density. In either case. prenature failure of the part
nay occur, for example. figure la shows a photograph of the crown of a
sectioned and Polished engie piston. The area contalieig the fiber rein-
forcenent as well as a delamnoatin that formed in the preform during castieg
can be clearly seen. Figore lb shows a CT scan of the sane region. The X-ray
a ttenoatfon of the reinforced crown In less than for the unreinforced metal.
so the furner appears darker. Regions In the crews hoeing the Sane-light gray
color an the matrix material In the rest of the piston are Indicative of sore'

II
withc a lumiuma nd soho wheren ath]5kp npae p reformio had cracked.

a

Fig. I . Photograph (a) and CT image h of tho tsp of a sectioned
Al alloy, diesel engie piston whose crnes Is reinforced with a
ceramic fiber. In (b). the reinforced croon ppears darker than
the unreinforced metal. R egions in the Cmsr (shown by white
arrows) having the same color as the rst of the piston are in-
dicative of roeinforced Al and show where the p srefrm had cracked.
(h Noe: la c k arrow and lines in h refer to transverse CT images
s hows in Ref. 2 and should be ignored In the fpieent paper.)
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Fig. 2. CT image of a machined preform showing a
crack (indicated by arrow) and variations in
fiber distribution. CT image is parallel to and
contains preform axis.

Prefoms are designed to provide the optimum distribution of fiber to
insure the needed performance of a part. Some of the-defects that occur in an
MOC can be traced back to defects In the preform. There can be a significant
savings if defective or "out-of-spec' preforms can be detected and rejected
prior to the casting process. Figure 2.displays a CT image of an early gener-
ation preform, which contains a crack on the left side. While a crack such as
this may be visible from the outside. only a technique such as CT can determine
the location and extent of a crack. In another example. Figure 3a shows a CT
image of the end face of an early generation, cylindrical preform made of a
silica-alumina fiber. Two defects can he observed in this figure: a low den-
sity oval band and a square array of small, low density areas. Relating this
information to processing parameters facilitated corrective modifications that
resulted in more uniform parts (figure 3b).

These preform Images demonstrate that qualitative analysis of CT images
can make n significant contribution towards quality improvement. The fact that
CT images are digital images meansthat CT data Is amenable to quantitative

fig. 3. CT images (obtained on a medical system) of planes
perpendicular to the the axis of cylindrical preforms: (a)
Shows a low density region In the center and a square array
of small low density regions; (b) shows a more uniform pre-
form resulting from successful implementation of corrective
processing modificatlons.
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Fig. 4. Change in mean relativedoit fapee nacynr.
cal rforoe during a manufacturjne4t rO a Planoed bn aCWwi

analysis as wellI. For example, the mean X-ray attenuation for a slice fromaPreform measures its average density: the standard deviation measures uniform,ity. These quantitative Parameters can ha monitored during productin todetermine trends. For exam~ple. Figure 4 ,racks the Mean density (in arbitraryunits) Of a Plane of a Cylindrical Preform during a 70.,,, production run.
While the mean density or the standard deviatin of an entire Slice pro-vide meaniegful data. they do not necessarily reveal important srcoa nfeoto. FOP example. figure 5 shows two preforontnt hadtevenaprroeiotatelyhthe same Mean and standard deviation but SIgnificani dIffrn totr

I~ act that a CT image is a matrix of numbers allow$ the data to be analyzed

Fig. S. CT Images of two preformso having similar meandensity hot different structures.
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on a finer scale. in order to quantify the density gradients in shaped pre-
forms, X-ray attenuation values were obtained at regular intervals across the
CT image. These values were written to a matrix where the columns represented
points in vertical profiles.-and each row represented a set of points obtained
across the part from left to right at a specified proportional distance from
top to bottom, I.e. a line following the profile of the part. Parts were
scanned at a number of fixed angular intervals about their axis to obtain in-
formation about axial symmetry. This allowed density to be plotted as a func-
tion of three parameters: radius, relative height and angle. Trends versus a
specific geometric parameter. e.g. radius, height, and angle about the part
axis, were accentuated by averaging the data with respect to the other two pa-
rameters. Figure 6 contrasts the radial density gradients of the two preforms.

These examples show the type of qualitative and quantitative information
that can be obtained by CT to guide modifications for producing preforms with
either a more uniform fiber distribution or for selectively increasing the
fiber concentration in critical areas. Even if mean part density is the only
desired parameter. CT offers an advantage: CT systems can be used to obtain
accurate densities on complicated part shapes that are not amenable to the
accurate volume measurements required for determining the bulk density.

Although certain defects appearing in metal matrix composites can be
traced back to the preform. some are caused by the metal infiltration process
Itself. Information obtained from the completed part can also provide signi.
ficant structural information that can be correlated with processing problems.
For example. Figure lb shoes the detection by CT of unreinforced regions that
have formed in an engine piston. The ability to detect a preform in the metal
matrix is non-trivial. At the X-ray energies required to penetrate large, cas-
tings, ceramic fibers containing alumina and typical aluminum alloys contain-
ing silicon and magnesium have very s llar mass attenuation coeffiCients.
This means there Is virtually no contrast between these components. Fortu-
nately. the alloy in this part contained about 3% copper, which increased the
attenuation coefficient of the alloy enough to provide sufficient contrast.
Nevertheless, even when Contrast between the preform and alloy is absent. CT
scans of castings can provide significant information, e.g., the presence of
porosity.

I Preform 1

zW

, Preform 2

0 40 60 80 120

DISTANCE FROM LEFT EDGE (mm)

Fig. 6. Sadial density profiles of preforms in Fig.5 Dashed line
(a) is profile of top preform and solid line is (b) profile of
bottom preform.

|I
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CONCLUSIONS

Information available from CT inspection offers the opportunity for quai-
ity control and optimization of manufacturing processes. In metal'tmatrix com-
posites, which are produced by infiltrating a ceramic fiber preform with
metal. part quality can be improved when CT is used~before Infi)tratlon to
determine if preforms have the desired distribution-of fibers and if they are
free of defects. CT scans of cast parts can detect and distinguish unrein-
forced regions as well as variations in structure such as sicroporosity. Oata
can he characterized quantitatively and with this quantitative information as
a guide, preform production and part casting can be modified to produce defect
free composite parts having the required distribution of reinforcing fiber.
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ABSTRACT
The paper describes our 3D X-ray CT algorithm "RADON" using attenuation measurements
acquired with a bidimensional detector. Our inversion diagram uses the first derivative of the
Radon transform synthesis then its iversin. The potenalty of that new method, particularly
for the large aperture, prompted us to develop an optimized software offering convenience andhigh peformances on a modren scietific eomputer. After a brief recall of the basic principle of
X-ray imaging processing, we will introduCe the theoretical developments resulting it the
pretent inversin diagrat, A general algorithm structure will be proposed afterwards. AS a
conclusion we wil present the performances and the ressits obtained with ceramic rotors

examination.

I. INTRODUCTION
X-ray CT is used in medeaine to perform body in-vivo investigation for diagnosis or therapy
purpose, and also in Non Destructive Tesng (NDT) to frind defects into industrial products. The
reconstructed characteristic parameter is proportonal to the linear attenuation coefficient gx. In
complement to tomographic and radiographic systems, the 3D structure apprehension prompted
us to study a 3D imaging system using numeric radiography. The projections are acquired with a
2D detector. As in classie tbmography : either the couple source-detector moves around the
object or the object rotates into the measurement cone beam. The interest of these systems lies in
the use of the total information supplied by the cone beam geometry. Then, an ooject may be
reconstructed from a reduced acquisition set which decreases the exams length. Consequently,
the 3D imaging processing has strong arguments, So we have to deal correctly with the
acquisition geometry into reconstruction algorithms, This point will be the main strength of our
appro"ch resulting t an Isot'opic reconstruction on the three axis' In order to evaluate theperformances of this new algorithr a first software development had been implemented at LET!.
Reader may refer to the refeeneis (RIZO (1990a). (RIZO (1990b)} for the results and moreparticularly for a first comparison wiih the Feidkamp's algorithm IFELEAMP (1984)). This first
version sup plied promizing results. bat the reconstructioss needed a too long computation time.
So we developed a software, named RADON, able to offer suppleness and high perfomates
on a modem sehcntific comparer.

2. RECONSTRUCTION ALGORITIM

2.1. Presentation
We set those developments into the transform methods context because they supply direct
reconstructian algorithms. The measurement and the object to be reconstructed are represented
by continuous space functions. The direct problem study is treated by the functional analysis.
The resolution of the inverse problem leads us to find an inversion scheme consisting in
expressing an object transform function then in inverting it, The numeric undertaking phasis is
achieved afterwards. This implicitly implies that such sampling conditions supply a numeric
formulation compatble with the analytical one.
This work is based upon a previous research done in our laboratory by P. Grangeat on the 3D
cone beam tomography [GRANGEAT (1990)). By linking the X-ray transform to the first
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2.2. Fist derivative Radon transform syzlhea
The 3D Radon ttansform Rf zisockasfczio fwisith rsetafir saephsisszrs
follo-ws (Fig.1):

Fig. 1. (

An object may be corapletly defined by its 3D Radon transfo=%. This object will be
renrsted by asig he~fstionngineeio formtla [NATMRIER (19S6)I.

1(M) =- -. 2  L -)d
a-~

Theprobirm consists in expressing the object Radon trsslrm, fromt fhtzasarement acqusired
with a 2D detector. WVe introduce the X-ray Xf transfor of te funteeion f. as the linear
tranafortnubicbassciates fith the xpresion (Pg. 2):

Xf (S.A)= - f + .; a fo s cr Ae PX an wth l- SA

V I

ig. 2 Fig.3

After aslogrithtnic orrec-6In 'he meassirement is:
A

Lg0 d fO) dl -Xf (S.A) withl=S +a~u

In cone beam geometry, the X-ray transform modelizes measuremaents.



Tehldflely~ike po Lothcoce beaza gey is occsa reless bvee
the -taytrzfm and the 3D adon er sfb;= Let us, definet wesglud core beam X-ra
usafor and its istegia f enonoSYfovrf escight line D (Sf3) (Fig. 3)

Yf(S.A) ~.Xf(S.A) A.PX. SYS" A, II J.g Us) Yf(S.A) dA
ISM

ThCUlefghteg cfcent ce;sM5nu gnificaton corrctim Over the Xray tansfeets
So the fundamesntal relation is[OGRANGiAT (199M)J.

An equvalent expression may be obtained by expressing the first derivative versus p' in the

(t d e ere.Sot reprojeetioa operation splits p into tvD stuns alog pect q.
So he irs deivaiveRadon uansforma synthesis; is redued to ueighting. teprojecting. (sumn)

and lilting goprbons Thepowr of that metod les upon tigosrous mathemsatical tratmcwo&z
This will subsequently avoid any validation step.

2.3. Rearrangenment
The coordinates system linked up with the acquisition reference (p,O.'-) dennt allow to
regularly distribute the consputized infornmations into the radon space So before, they must be
distributed again into a regular space samspling. The change from the acquisition coordonnates
system into theRadon space one is achieved by arearrangemsent operstion over the circle (p).

2.3. Shadow area
By usngcireular trajectory for the souree which is the case of thin first algorithm version, the
con bea X-ray transforam Xf gives an incomsplete description of the frst derivative RWf Radon
transfornm. Thin results in atnefacts on the recenstutod function. To decrease these artefact Av
have to fill R'f by interpolation on the shadow area. Several interpolation schemesa were studie4'L
Of course the ains is eventually the use of other sourc c-uves allowing the X-ray transform Xf
to completely describe the first derivative RI of the Radon transform. IRIZO (1990c).

2.4. Inversion of the Radon transform
The inversion formsla prompts us the calculation of the second derivative RY of the Ridon
transform. This is achieved by filterng operation. That inversion operation in a 3D
backprojction one. In fact. this formula, as described before, is not conceivable for a practical
use. A 3D backprojortion eperstion needs too much computations which penaltres the ses of the
osethod. So in order to optimize this scheme we chose to split up into two sunms the inversion
formula [MARR (1980)].

Then we define the rebinned proiceton plane P1. with longitude, as the plane pasting theasgh
the origin 0 and defined by the unit vectors with longitude . Foreclpot B eogngt h
D(B.VI) be the straight line passing through B and perpendicular to PX (ig. 4).
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Fig.4 Fig.5

We call rdbinned X-raymtrnsform the integral:

Xf(9,"B) ~ f(M) dN(

*The straight line D(B.9) being paralel for each (p. the function Xf cry be considered as the
X-ray transform in parallel geomtnry. 'The !ecxnstrueodp of the function f from Xf will be made
by baclprojecting the fiftered rebinned projections BD f on the Z planes as follows: (Fig. 5).

90~l HD~f(ql(,pM)) dp HD is the classic 2D reconstruction filter.

By ientifid cation withothe inversion Radon trasform expressed in spherical coordinates, we

obanthe folw relation(Fig. 6):

2
a aR'f ~ .ssI d

4x 27

z Fig 6

so the function HD~f is calculated by backprojeetisg the expression Rf'.SinO on rebinsed
projections planes. Finally we see that the use of the first derivative Radon transform and its
inverse formula, defines a treatment equivalent to the backprojection on the Z planes of the
parallel projections, filtered by a classic 2D reeonstntetion filter.
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3. ALGORITHM GENERAL DIAGRAM - OPTIMISATION
The sealgorithm phasis results in the following general diagram:

U, uieiu'Y

9 mit ,eaneovMUM

9 so-LI
mutZiOP*t.Gn

9 AK1MM

covou io bakiotio aintesmgses arth mo ipratsonensTeyreqieh

Allpter.s trementy wre ve woed i imoherensruto protcding rmeork the twor

use, the development and optimiratioss have been prompted both on a scalar computer VAX
6300 and on a aupercomputer CRAY 2. Itresalts in both the improvement of the general
dtagrams structure tn order to dicrease the scalaroperattions number, and :he study of a software
structure suited to a CRAY 2 -ype architecture. These developments have been acrieved for our
sofile using the Feldkamps method too.

4. RESULTS
In order to evaluate the achieved progresn on thr two softwarea, we executed several bench
marks resulting in a reconstrtuction of 1283 and 2563. We give the resuls before and after the
Optimization.

1283 reconstructed volume froma 256 projections 1212
Our algorislust Feldicamp'salgorithm

VAX 6300 5 h30 -)3 h30 2 h30 -) IIt30

2563 reconstructed volume from 512 projections 2562
Our algorithm Felicamrp's algorithm

CPAYII 3 h15 -+171 2 h05 . 44

*Note : that version doesn't yet use the CRAY Il multitasking processing. However, first
multitasking processing evaluations gave us a speed-up factor greaser than 3 in a such s care,
which is a promizing resslt. Accordtng to the computer type architecture, we obtain a great
imsprovement after the optimizaton.

At last we point out that our method may be quicker than the Feldicarpas on such computers. Onl
the over band the necessaty memory to execute our algorithm in around thrce omnen greaser than
the one to euecute the Feldkcamps one.
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We examined several industrial produiis as ceramic rotors to illustrate NOT applications of our
work. We performed the following experience to evaluate our 3D X-ray Cl' system set to detect
variation density into ceramic components. We searched various density in ceramic bits placed
into 3 nock on the top of the rotor. In spite of the measurement wasnt calibrate and achieved
from two different acquisitios, we detect 2-3 % various density. corresponding to 2,5 % biuder

content variatiott(Fig. 1)

Ceramtic rotor surface displays

5. CONCLUSION
Tne new optustired agorithmt we performed gives good compunris8g timex performances, even
some time better than the Feldimp's one. The exams we achieved on modern ceramic
com~ouents show that 3D X-ray Cl' sppty repetitive results, allowing to detect lower variation
density.
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ABSTRACT

Damage in a continuous, aligned.fiber SiC/Al metal matrix composite (MMC), e.g.
fiber fracture, fiber-matrix interphase microcracking, intra-ply matrix voids and cracks, is
examined with synchrotron x.ray tomographic microscopy (XTM). Quantitative three.
dimensional measurements of damage are reported in as-fabricated and monotonlically
loaded SiC/Al. The XTM results indicate that increases in observed macroscopic structural
stiffness during the first few fatigue cycles of an MMC coupon correspond to eliination of
processing-related matrix porosity and to displacement of the fibers from a somewhat
irregular arrangement into a more nearly hexagonal array. The XTM data also show that
the carbon cores of the SiC fibers begin to fail at or below 828 MPa, that is, at loads far less
than those for fracture of the entire fiber. The implications of these results and of the use
of in situ loading for fatigue damage quantification are also discussed for
mechanical/thermal modelling.

INTRODUCTION

Prior to utilization of metal matrix composite (MMC) materials in high performance
applications, a fundamental understanding is needed of what constitutes damage and of how
it initiates and accumulates. The damage and fracture initiation processes in many advanced
maeials are microscopic and occur in the interior of the specimen, Therefore, many of the
commonly used macroscopic and surface monitoring techniques are relatively insensitive to
damage initiation. High resolution, high sensitivity nondestructive evaluation is required so
that internal flaws and damage development may be characterized multiple times during the
course of a deformation/fracture experiment. X-ray tomographic microscopy (XTM), i.e.,
extremely high resolution computed tomography, provides these characteristics and is used
in this study to quantify mechanically-induced damage in the SiC/Al MMC system; damage
in this MMC takes the form of fiberfracture, fiber-matrix interphase microcracking, intra-ply
matrix voids and cracks. The quantity, spatial distribution and evolution of each type of
damage must be incorporated in realistic physically-based models before this class of
materials can be used safely. Acquisition and analysis of this data for monotonic loading
of the SiC/Al MMC system is discussed below.

EXPERIMENTS

The MMC material used in this study is a unidirectional, continuous-fiber SiC/Al
matrix composite fabricated by Textron Corporation in 1986. The composite laminate
contains eight plies of SCS-8 SiC fibers and a 6061-0 Al matrix. Each ply was fabricated by
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a technique that uses a foil to support the fiber and plasma sprayed matrix material to
maintain the fiber location and orientation. The SiC fibers are 142pn in diameter and have
a 32pn carbon core.

The mechanical test specimens are 152 mn x 17,8 mm x 1.5 mm coupons, with the
fibers oriented parallel to the longest dimension. All mechanical testing was performed in
a servo-hydraulic test frame with the fibers parallel to the load axis. The monotonic tension
tests were performed in load control with a loading rate of 50 kg/s (110 o/s). The
specimen elongation was monitored with a 12 mnm clip gage mounted on the largest face of
the specimen. Individual specimens were monotonically loaded to 0, 207, 414, 621, 828,
1034, !241 and 1448 MPa (0, 30,60, 90, 120, 150, 180 and 210 ksi, respectively). Deviation
from linear load-displacement response occurred at 188 MPa, and failure occurred at 1448
MPa. After mechanical testing, a specimen of each condition was examined using XTM.
The specimen cross-sections examined varied from 1.5 mm x 1.5 mm to 1.5 mm x 3.0 mm
and were taken from the gage sections covered by the extensometer during mechanical
testing. The results presented here are a subset of the monotonic tension test sequence.

The XTM apparatus, which is described more fully elsewhere [1,21, is based on a
1320 x 1035 element, two-dimensional charged-coupled device (CCD) detector. Thus, data
from multiple hundred slices can be recorded simultaneously. The CCD detector is coupled
through a short-depth-of.field, variable magnification lens system to a single crystal
fluorescent scintillator screen of CdWO4. An optical magnification of 2.OX is used in these
experiments, yielding an effective CCD pixel size of 6.8 am (2 x 2 pixel binning). The
thermoelectricaly.cooled CCD is operated in a charge integrating mode, and approximately
40,000 electrons are accumulated in each pixel during a single exposure.

Monochromatic synchrotron x-radiation was used for XTM; all samples described
here were studied with an x-ray energy between 20 to 22 keV. Angular increments of one
degree were used between projections, except for the 1448 MP4. specimen where one-half
degrec increments were used, Expo'ure times for each projection varied from 5 to 25
seconds depending on the beam u tit of the storage ring. The reconstructions were
performed with the filtered back projection method.

The three-dimensional reconstructed volumes were used to quantify the fiber
separations, the linear absorption coefficients and the fiber surface area exposed by
microcracks. These features were evaluated as a function of deformation level for 15 to 25
well.separated slices,

RliSULTS AND DISCUSSION

Typical slices from four of the eight load levels studied are shown in Fig. 1. In the
as-fabricated condition (0 MPa), there are processing defects present in the form of voids
and microcracks. These voids and raicrocracls close as the load increases due to plastic
deformation of the matrix. The fiber arrangement in tha sample is also evident in Fig. 1;
measurement of nearest-neighbor fiber core separations confirms this observation. Figure
2 shows the first and second nearest.neighbor fiber core separations for samples which had
been loaded to 0 MPa and 828 MPa. The first-nearest neighbor separation has decreased
from 236 pm to 210 pm for the 0 MPa and 828 Mla conditions, respectively. The variance
has also decreased front 1048 mmx

2 to 512 pim, respectively. The distance between secons-
nearest neighbors has also decreased after loading to 828 MPa. The average second-nearest
neighbor separations at 828 MPa, 1241 MPa and 1448 Mla are consistent with the expected
spacing for a hexagonal fiber arrangement and that of 0 MPa is between the expected
separations for square and hexagonal arrays.

Some microcracking in the plies, marked M in Fig. la, can be seen adjacent to the
fibers. These microcracks are three-dimensional, pre-existing fabrication flaws 131, and their
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dramatic effe~t on the load transfer and load carrying capability of the structure: load i

t transferred from the tnatria to the fiber through their common interface. lfjthis'region is
poorly bneduigfbiao,,it eon not fr areibebond daring mechanical
deformation. Therefore, evaloation of the load carrying capacity of the structure requirescharacterization of the fiber surface area not in contact with the matrix material.- In the as-fabricated structure 2.7%/ of the total fiber surface area is exposed, and Fig. 3 shows the
distribotion fonction for exposed surface area. The distribution of aposed fiber area for
the as-fabricated strsscture,(O 1,l'a) follows a thi-ze-parameter W~eibull distribution to better
than 959o significance ( x1 comparison of the. observed distribution aid a Weoibull
distribution, with shape paranmeter P1 = 1.783, scale parameter 4 - 140 and lower limit

y-37.7). After monotonic loading the number of processing flaws observed decreased to
nearly auto as a resullt of plastic deformation of the matrix, material.

Figure 1. IT'plcl slices at four of eight monotonic load levels studied, a) 0 Ml's (as-
fabric-4ted); b) 828 Ml's; c) 1241 Mpgs and d) 1448 Nl's (failure).

NErAaRSTr r3sOVOR AN "E' NErAREST NEoISOROSTANceS
AS-FABORIATE SMUesuse ssONOiOMrAMY LOADE.DTOo ~IXOP

Figure 2. Distribution of first- and second-nearest tneighbor fiber separations for 0 MlPa aod
828 Ml's load cohiditions.
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The unloading stiffness of the MMC coupons tested in this study increased with
increasing load level; the obsetvation of fiber rearingement and of elimination of
processing-related porosity with increasing load explain this effect. The change in fiber
arrangement results in more uniform loading of fibers which increases the unloading
stiffness. The presence of processing-related porosity may hasten the onset of fiber
rearrangement and may promote homogeneity of fiber loading; viewed in this light, the
processing defects might have a beneficial influence. Reduction of the volume fraction of
porosity to a negligible level, however, probably does not eliminate the debonded areas of
the fiber-matrix interfaces but does make this type of damage more difficult to detect.

The measured linear absorption coefficients from all samples agreed with tabulated
values within 2% and are similar to previously reported results [3]. Evaluation of linear
absorption coefficients in the fiber cores in samples stressed at and above 828 MPa revealed
that the cores have fractured in 8 to 10% of all fibers over the 1.5 mm length of the sample
examined. The specimen strain at 828 MPa is 0.679o, but the average strain.to-failure of
the C cores prior to deposition of the SiC sheath is 3.1% (4]. Therefore, the average strain-
to-failure of the fiber core can not be used to predict fiber fracture. Barrows [4] reported
strain-to-faure of 1.04% for SiC fibers with 25.4 mn gaie-lengths; increasing gage lengths
decreased the strain-to-failure to 0.66%.The asymptotic limit is apparently independent of
the thickness of the SiC fiber sheath. Several investigators [4,5] noted that the failure of
SiC/C-core fibers initiates at the SiC/C interface but did not establish the load at which
initiation occurred. This indicates that fiber fracture is controlled by flaws in the C core
and/or interface layers between the SiC and C. These flaws could result from the SiC
deposition process, elastic modulus mismatch, thermal residual straiis, etc.

In Fig. 4 the low absorption features have been highlighted with air being the darkest
and Al and SiC being the lightest pixels, The C core marked C is missing over a length of
40-m. Figure 5 is an SEM micrograph of a fracture surface sho~nrfg the core fractured and
pulled-out approximately 40,um. If the cure fractures and elastically relaxes, the SiC portion
of the fiber becomes a thick-walled cylinder with flaws on the internal surface. These
internal flaws initiate fracture from the combined axial loading and Poisson contraction.

PoF FOR SiC/Al MMC
Shoe thickness 5 6 micrometers
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SURFACE AREA EXPOSED (mlcrometen x micrometers)

Figure 3. Fiber surface area exposed in square micrometers for the 0 MPa and 828 MPa,
(Ile sample average is 164/pm and the variance is 7,252/um .)
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Fracture of the overall MMC structure is controlled by fracture of the fibers. When
a fiber breaks, the load it carried must be redistributed to the surrounding fibers, and at
significant amount of strain energy is released. Many fibers fracture in more than one
location due to the initiation of fracture in their cores; this fragmentation of the fibers,
marked F, is shown in Fig. 6. The locations of individual fiber fractures are often wide-
spread and far below the fracture surface. hne fracture surfaces of the SiC fiber are not
planar due to multiple initiation sites on the inside surface of the SiC sheath. Because of
the multiple initiation sites at the C/SiC interface, fibers can shatter into multiple segments,
marked MS in Fig. 6. The fibers also pull-out of the Al matrix, PO, because the matrix can
not cary the high shear ldads required for load transfer. Figure 7 shows enlarged regions
from a cut parallel to the plies; In these images the contrast has been stretched to highlight
the carbon core pull-outs and fiber fragmentation.

MODELLING

Tha mechanical/thermal response of a composite material can only be modelled
realistically after damage initiation and accumulation phases are understood quantitatively.
From the results presented above, a preliminaty model of the fiber strength distribution
could be developed. The model needs to account for core fracture events and their spatial
distribution along the length of unit cell fiber segments. Since load transfer to the fiber is
through the interface, the distribution of exposed surface area would be required to

0 im 20.4 gm 40 pin

Figure 4. Carbon core fracture and pull-out. (Al and SiC are white and air is black.)

nzo .ur

Figure S. SEM micrograph of a typical S:C fiber fracture surface. The carbon core extends
about 40 jm from the SiC sheath.
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determine the load distribution pattern on the fiber. The fiber arrangement would be usedto determine unit cell sizes (each containing one fiber and its surrounding matrix). Anincremental load would be applied to the model structure; the unit cell displacements andlocal load distributions are then calculated and, finally, specimen stiffness would bedetermined from the applied load and summation of displacements.

SUMMARY AND FUTURE TRENDS

This work demonstrates that nondestructive XTM can quantify the three-dimensionalinternal damage state of MMC specimens as a function of the macroscopic deformationlevel, Since XTMI measures the x.ray absorption coefficients of the materials in a structure,the location of damage is related directly to the material/structure imliating the flaw.In this study, damage was identified and quantified in a SiC/Al continuous aligned.fiber MMC for monotonic tensile loading from 0 MPa (as-fabricated) to 1448 MPa(fracture). In the as-fabricated state the principal form of damage is porosity at the fiber.matrix interface or between adjacent fibers: the exposed fiber surface area appears to followa Weibull distribution with a mean of 164 um
2 

and a variance of 7,252 gm
2
. As the appliedload is increased the pre-existing processing voids disappear and the SiC fibers change froman arrangement intermediate between a square and hexagonal array to a hexagonal array.

Figure 6. a) Slice normal to the fibers and loading axis and which contains shattered fibers,MS, and pulled-out fibers, PO. b) Cut parallel to the fibers and plies, showingfragmented fibers, F.

Figure 7. Enlarged view of two portions of the cut in Fig 6. showing a) fiber core pull-outand b) SiC fiber fragmentation. The low absorption features in a) and b) havebeen highlighted by stretching the contrast in these images,
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This change in fiber arrangement results in more uniform loading of all fibers in the
structure and appears to account for the increase in structural stiffness observed during
unloading The first indications of fiber failure were at 828 MPa (579o of the fracture
stress). Carbon core fractures appears to intiate failure of the SiC sheath. The SiC sheath
can break at multiple locations of each fiber, and the SiC fracture surface is irregular due
to multiple initiation sites.

Future applications of XTM to damage studies in MMC will need to incorporate
region-of-interest data acquisition, in-stu evaluationofstructures and sub-micrometerspatial
resolution. The region-of-interest sampling allows much larger samples to be examined, with
high resolution data being collected only from the portion of the volume containing the
feature(s) of interest. In-situ XTM wvill allow dynamic evaluation of material processes such
as: crack face interaction during fatigue crack growth; damage development as a function
of applied load, temperature, fatigue, etc.; environmental degradation; consolidation during
sintering or other densification processes and liquid flow patterns in porous media. A
compact in situ load frame has been constructed at Georgia Tech and its use for in situ
XTM of SiC/Al MMC is anticipated in the first half of 1991. Region-of-interest data
collection will allow in situ loading of larger specimens while preserving spatial resolution
better than 5 1m; use of much larger specimens will eliminate concerns about edge effects
and will allow the identical volume of material to be examined repeatedly. Improving
spatial resolution of XTM to the sub-micrometer level is a definite possibility and will be
of inestimable value in interpreting fiber-matrix debonding in composites, in identifying
interphases at fiber-matrix boundaries and in characterizing crack face interactions during
fatigue.
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ABSTRACT

In Ion Microtomography (IMT), material densities are determined
from the energy lost by ions as they pass through a specimen. For fine-
scale measurements with micron-size beams, mechanical stability and
precision of motion can impact the quality of the reconstruction. We
describe several preprocessing procedures used to minimize imperfect
specimen manipulation, including adjustment of the center of mass
mot;on in sinograms and correction for vertical translations. In
addition, the amount of noise in the reconstruction is reduced by
utilizing median (as opposed to mean) ion energy loss values foi,
density determinations. Furthermore, particular portions of the
sampled image can be enhanced with minimal degradation of spatial
resolution by a judicial choice of spatial filter in the reconstruction
algorithm. The benefits and limitations of these preprocessing
techniques are discussed.

INTRODUCTION

Ion Microtomography (IMT), unlike x-ray computed tomography
methods, measures the energy lost by eacht ion rather than the fraction
of the radiation absorbed [1,2]. A number of residual ion energies,
typically 5 to 100 are measured for each sampled point. The incident
ion energy is chosen to ensure the primary source of energy loss is due
to interactions with specimen electrons and the charged ion. The mean
or median value of the energy loss distribution is used as the energy
loss value of the sampled point. The energy loss is then converted to a
density value using tabulated electronic stopping powers[3]. A single
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projection is made by scanning the-beam across the specimen, or
translating the specimen through the beam fc -larger specimens. After
each projection the specimen is rotated slightly ,to prepare for a new
projection. 'Projections are acquired until the specimen hasbeen
rotated through 180 or 360 degrees. The density data are then
reconstructed using a filtered backprojection technique. Multiple
reconstructed slices may then be combined to form a 3-dimensional
density image of the specimen.

A number of parameters can affect the ultimate resolution in the
reconstructed density image. In this paper, we describe methods to
preprocess the IMT data in-order to improve the image quality. One
parameter influencing the reconstruction is acquiring erroneous data
due to ion damage in the detector. We describe changes made in the
energy loss-to-density conversion code to help correct this problem.
As beam sizes decrease, the accuracy and precision of the specimen
movement system become important. Small scale perturbations in
positioning alter the results so preprocessing adjustments must be
made in the data. Another parameter is using the median, rather than
the mean, residual ion energy to compute the line integrated density.
We consider the trade-offs of using the median to eliminate spurious
data but at the price of greater calculation times to evaluate. We also
discuss the effects of using different filters with the reconstruction
algorithm. Edge definition enhancement and density gradients are
sensitive to the particular filter implemented.

FREPROCESSING TECHNIQUES TO CORRECT FOR MOTION ERRORS

With improvement in focusing ion beams to smaller sizes and the
accompanying increase in image resolution, staging instabiliiies which
could once have been safely ignored begin to have a large impact on
reconstruction quality. Figure 1 shows tomographic data taken with a
0.25 micron proton beam of a 25 micron diameter glass pipette at the
Micro Analytical Research Centre (MARC) of the University of
Melbourne. Two hundred fifty-six contiguous slices were made of this
pipette. To our knowledge, this is currently the highest resolution ion
beam tomogram.

There were, however, a number of problems with this data which
required preprocessing. The top row of images in Figure 1 shows
several of the raw sinograms from the 256 slices. Each projection is

()I- - - --I



Figure I 1 ograms and reonstrutedl mages of a 25iconpoete This daa w-sacquired at the Micro Analytcal Reaeacjh Cenze (MARC) Of the Ur versity ofMehioume- Row one contais three raw pipete s. qam displaytg I to 5
mmron bearing wobble along the edges, Row W displays reconsructios of
these sinog"ams In row three the Center-of mass of each prcection hasbeen aligned to tie center of rotation of te roay manpulaor. Therecenmicuons of the corrected lnograms are d:splayed in row 4.

Figure 2 Reconstrucled Images of a si icon specimen using different numbers of tonsand either the mean or median value of the residual energy loss trsibuition.



made up of 256 rays with a projection taken every degree over 180
degrees. The effect of 1 to 5 micron.bearing wobble in the manipulator-
rotation is seen a)og the edges of the sinograms. The second row of
images display the reconstructions of the raw sinograrns. Because of
the beaing wobble effect, the recortuction code could not correctly
reconstruct the data about anir one center of rotation. The third row of
the figure shows the- sinograms after making center of mass
cornects[4]. In the im.3e the center of mass.of each projection has
been shifted to a position equivalent to having the pipette perfectly
a4rned at the manipulator's center of. rotation. The fourth row of
images are the reconstructions of the corrected sinograms. As
resolution increases this technique or similar techniques which
preserve correct spot spaing will become 'more important in acquiring
and presenting useful data.

MEDMN VS MEAN ENERGY LOSS VALUES FOR DENSITY DETERMINATION

The transmitted ion energy loss at each sampled point can be
calculated with either a mean or median value The mean value is
faster computationally since the processing can be done as each ion is
detected. On the other hand, calculation of the median value is more
time consuming, but is less sensitiveo extraneous data points[5]. Fig.
2 shows reconstructed images of a silicon pillars specimen using
different numbers of ions and either the mean or median value from the
residual energy distributions. As can be seen in the figuie the median
produces a less -noisy image. The improvement in image quality using
the measured' median energy loss greatly outweighs its additional
computational expense even in large data sets.

ION DETECTOR CAUBRATION

IMT measurements are also conducted at the Sandia Microbeam
Analysis Laboratory in Livermore (SMALL)J1] collaboratively with the
Lawrence Multi-user Tandem Laboratory[6]. Our data acquisition
system utilizes a silicon surface barrier detector to measure residualion energy. The detector is subject to damage from the ions depending

upon their energy and fluence. We raster the detector to reduce the
exposure time that the beam hits any given spot. The damage causes a
shift in the measured energy and thus produces erroneous values in the
IMT data file. In early reconstructions, the detector calibration was
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determined with only one energy value. The associated sinograms
reflected this shift in energy due to the detector damage. To account
for this, the energy loss-to-density conversion code was modified to
calculate individual detector calibrations for each row of IMT data.
Fig. 3 shows sinograms of a silicon specimen using 100 protons per
sampled spot The first image shows the sinogram using one value for
the calibration. The second shows the same sinogram when a separate
calibration is computed for each projection. The third image is their
difference. The reconstruction average density increases by 0.08%
with the modified version of the code and the image noise decreases by
1.6% in standard deviation.

SPATIAL FILTERS

The choice of filter used with the backprojection algorithm can also
affect the final reconstructed image[7J. Figure 4 shows four
reconstructions of the silicon pillar data. Each is reconstructed from a
data set made with 100 protons per spot using median data. The top
two images are filtered with a Hamming filter, the bottom two use a
6th order Butterworth approximation for a ramp filter. The Hamming
filter tends to accentuate the lower frequencies in the reconstruction,
and is used for enhancing density gradients in the specimen. The
Butterworth filter amplifies the higher frequency components. This
type of filter is used in edge definition studies or for examining

machined surfaces. It is very important that the experimenter is aware
of the variations a filter selection will make to his reconstruction. It
is quite possible to hide or smear the exact feature of interest if an
improper filter selection is made.

SUMMARY

The improvement in resolution of IMT systems has brought about
problems related to specimen manipulation and detector damage caused
by the resolution related increase in sampling time. This paper has
descnbed preprocessing techniques developed by the authors to solve
these problems.



Figure 3 This gfure displays the effect of !on damage to a siicon surface barrier
defector. The first image displays a sinogram of a silscn specimen acquired
using 100 ions and the median value of the residual energy loss disrbution
when one value is chosen to calbrate the detector. The second image shows
the same sinogram when a separate calibration is computed for each
projection. The final image is their difference.

tail., .454. .2 ... at

Fig re 4 1e top row 01spays reconstrucleo images of a sixon specimen tatereo
using a Hamming filter at two different cutoff frequencies. The bottom row
displays the same data reconstructed using Butterwoth 6th order filters at
cutoffs corresponding to those of the top row.
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ADVANCES IN CONE-BEAM RECONSTRUCTION

FOR THE ANALYSIS OF MATERIALS

BRUCE D. SMITH
University, Dept. of Electrical & Computer Engineering, Mail Location 30, Cincinnati, OH
45221

INTRODUCTION

The utility of cone-beam tomography in the analysis of material has been
demonstrated by Feldkamp et al (I. Recent advances in cone-beam tomography will
enhance its usefulness in the analysis of material.

Review of literature

Improvements in the theory of cone-beam tomography was made in [2,3. In (2 the
so-called 'completeness condition' was developed. When cone-beam data is collected, the
vertex of the cone is moved in some fashion about the object. The completeness condition
specifies whether enough information to produce an artifact-free three-dimensional
reconstruction can be collected from a given geometry of vertices as the vertex is moved
about the object. Additionally, two novel reconstruction methods were developed (2).

Further improvements followed in (33. The theory presented in 13] eliminated the
need to form the homogeneous extension of the cone-beam data. This made possible
improvements in efficiency in two methods in [21 and the development of a third
reconstruction method. Since 13 is not widely available, a derivation of these results was
published in (43.

The scope of this easer

An abridged non-mathematical review of three novel reconstruction methods
proposed by the author will be presented in this paper. Additionally. a comparison is
made of a method, which is based upon these three methods, and the method first
proposed by Feldkamp. In section 2 the necessary theoretical background is presented. In
section 3 the three novel reconstruction methods are presented. Finally, in section 4 the
results of the comparison are discussed.

BACKGROUND THEORY

New functions for cone-beam tomogrnhy

In cone-beam reconstruction, the Fourier transform does not play such a key role as
it does in parallel tomography. It seems the three-dimensional divergence of the cone-
beam data does not lend itself to Fourier transform theory. Rather the function F,
defined in (33 and (43, will play a role in cone-beam reconstruction similar to the role
played by the Fourier transform in parallel tomography, It can be directly involved in the
reconstruction process just as the Fourier transform is involved in the 'Direct Fourier
Method* as described in (5). Or it can be used as an intermediate step in the development
of more efficient inversion formulas. More importantly, the function F can be used to
describe all the information that is contained within the cone-beam data collected from
some geometry of vertices and what information. if any. it missing,

A second new function has to be defined as well. As explained in (3 and (43, the
function G plays an intermediate role in computing F from the cone-beam data. By its
definition the function G is closely related to the cone-beam data. Since cone-beam data
is divergent, the function G can be thought of as 'something divergent', In contrast, since
the function F is closely related to the three-dimensional Radon transform, it can be
thought of as 'something parallel'.

Mat. Res Soc, Symp. Proc. Vol. 217. c1991 Materials Research Soclsly
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A "generalized rebinning" formula that relates the function G to F is developed in (31
and (41. This makes the connection between something that is divergent to something
parallel. This rebinning allows all the information contained within the divergent cone-
beam data to be described in terms of 'something parallel', namely, the function F. Since
parallel-beam tomography is well understood. describing the information contained in the
cone-beam data in terms of the function F makes the analysis and inversion of cone-beam
data possible.

The "omoleteness condition' for vertices geometries

It can now be determined whether the information that results from some geometry
of vertices is enough to perform an artifact-free reconstruction. The formula which
inverts F to obtain the object, specifies what information needs to be obtained. If for a
given geometry at is possible to obtain this information by rebinning the function G. then
an artlifact-free reconstruction can, at least in theory, be obtained using the data cullected.
If for a given geometry it is not possible to obtain the information, then without using
extrapolation, it is not~possible to obtain an artifact-free reconstruction of an arbitrary
object, (There exists *special' objects that can be reconstructed without the use of
extrapolation, e g., a spherically symmetric object, but these objects are not of practical
importance and will not be considered here.) Resulting from the above argument is the
following simple rule, referred to as the "completeness condition', which specifies whether
enough information can be measured from a given geometry to produce an artifact free
reconstruction.

If on every plane that intersects the object there lies a vertex,
then one has complete information about the object.

The *sine on the cylinder' geometry, which is discussed in (41, is an example of a complete
geometry. A circle is an example of a geometry that is not complete.

THREE NOVEL RECONSTRUCTION METHODS

Knowing whether a given geometry of vertices could possible yield enough
information to produce an artifact free reconstruction is clearly of importance. This in
itself, however, will not invert the data. Computer algorithms for inverting cone-beam
data are clearly needed. Toward this end, three novel exact reconsttuction methods are
developed in the (3) and [41. A number of attributes are desirable of a reconstructlion
method, How each of the three novel reconstruction methods fare with respect to many of
these altributes is now discussed.

One novel reconstruction method

The most computat:onnlly inefficient of the three novel cone-beam methods, since
both the functions 0 and F have to be computed. It is flexible as to what data collection
geometries can be used with it. A priori information is easily incorporated for
extrapolation.

* A second reconsruction method

This method is more computationally efficient than the first. since only G needs to
be computed. It also may be applied to any data collection geometry.

A third reconstruction method

Thin method is extremely compustaionally efficient, since neither F nor G needs to
be computed, The reconstruction is exact if the vertex geometry intersects almost every
plano that intersects the object exactly n times, The only geometry which is know that
satisfies this condition is an infinitely long straight line.
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A COMPARISON WITH A STANDARD CONE-BEM ALGORITHM

Using computer generated data, a comsparison was made between the algorithtm first
proposed by Fetdkanmp and ans algorithms that is based upnn the three methods presented.
Although the grey levels near the bottom and top are Iow, the results indicated the
algorithm based upon the novel methods etimsinate the zdirectional blurring associated
wvith Felclkampos algorithm. Moreover, same number of computer operations are reqtuired
for both algorithms.

CONCLUSION

Three novel reconstruction methsds have been discsse; along with the necessary
background theory. Using Computer simulated data, a comparison Was Made between a
standard cone-beam algorithm and an algorithm which is based upon t~.e three novel
reconstruction methods presented here, It was seen that the novel algorithm eliminates the
zdirectional blurring and required lbs same number of computer operations.

(11 L A. Feidkamp. LC. Davis, and J.W. ress. "Practical cone-beam algorithms." J. Opt.
Soc. Amer. A. vol. 1, pp. 612. 1984,

(21 B.D. Smith. 'Image reconstruction from cone-beam projections, Necessary and
sufficient conditions and reconstruction methods,' IEEE Trans. Med. Imag.. vol. MI.
4, pp. 14, 1985.

(31 P.D. Smith, Ctimtster-Aided Tomographic Imaging from Cone-Beam Data. (Ph.D.
Dissertation) University of Rhode island. 1987.

(4) ItD. Smith. 'Cone-bea tomogesph~r recent advances aod a tutorial review.' Opticat
Engineering Journal. vol. 29. pp. 524-534, May 1990.

(51 Hi. Stath. 'Direct Fourier reconstruction is computer tomography.' IEEE Trans.
Accost., Speech Sing. Process., vol. ASSP-29, pp. 237-245, 1981.
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ULTRASONIC COMPUTED TOMOGRAPHY FOR
IMAGING BONES AND ADJOINING SOFT TISSUES

C. M. SEHGAL and J. F. GREENLEAF*
*Department of Radiology, University of Pennsylvania, Philadelphia, PA 19104
-Department of Physiology & Biophysics, Mayo Clinic, Rochester, MN 55905

INTRODUCTION

The skeletal system of bones and cartilage forms a framework that supports and protects
soft tissues. It also provides surfaces to which muscles, ligaments and tendons attach and
coordinate movement of bones, Since such musculoskeletal system serves as a "strctural"
clement of the body it is easy to see that irs functional capabilities are closely related to it

mechanical strength. Consequently, there have been numerous attempts to characterize the
properties of bones, Currently, several sophisticated diagnostic procedures and radiographic
imaging techniques ar available for quantitative purposes. Virtually all the available methods
arc based on the measurement of mineral content of the bone, It is well known that it is the
combination of the organic and the inorganic components that determine the strength of the
bones. Thus, in principle, the traditional methods can provide only part of the information
about the bone tissues. With this shortcoming in view an effective case can be made for
the development of a technique that measures both the components. Many researchers have
looked at ultrasonic energy to fulfill this role. The rationale for the choice of this energy
is that ultrasound is a "mechanical radiation" and its propagating properties provide a direct
measure of mechanical strength or related property of the medium.

Velocity of sound transmission and its attenuation during propagation are the most
widely studied properties to characterize bones. In an early study Anst et al. (I] reported
measurement of ultrasound velocity across fracture sites in human and experimental animals,
Since then there has been periodic activity in using sound speed to determine the strength
of bones. More recently it has been shown that sound speed can be used as an indicator
for fragility of bone due to osteoporosis (2], and to assess the quality of bone in the human
newborns (3). It has also been observed that ultrasound velocity of bones correlates with the
performance of marathon runners (4].

ULTRASOUND FOR MONITORING BONE HEALING
One of the problems often faced during the fracture healing process is the determination

of bone stability after fracture, The radiographic technique in many cases does not provide
sufficient evidence to determine the point when the functional capacity of hone has retained

to normal. There have been various attempts in the past to identify the union of bones by
using ultrasound.

Abendschein and Hyatt (5) measured transmission speed of ultrasound through human
femoral and tibial diaphyseal cortices obtained rmmediately after lower-extremity amputation

Mat. Rea, Son, Syrup. Proe. Vn. 217. ©1991 MntertALS Research Society
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and showed that their-sound speed values varied with the pathology of bones. From their
measurements they also calculated modulus of elasticity, EX, by the following equation,

E, =pc
2
, I

where p and c represent density and sound speed of the bone sample. Elasticity measurements
were also made by the static method and compared with Et. The two parameters were found
to be linearly correlated but showed deviation from the line of identity. This difference was
attributed to the fact that bones are viscoelastio and not elastic as assumed by the Equation
1. Nevertheless, the linear correlation shows that Sound speed can be used as an index to
observe changes in the properties of bones. These results have provided basis for belief that
ultrasound could potentially be used for diagnosing and evaluating healing of bones after
fracture.

ONE DIMENSIONAL TECHNIQUES
One dimensional techniques are simple and easy to implement. The results from several

in vivo studies reported in the literature have been very encouraging. Yet the ultrasonic
techniques have not yet been accepted in clinical medicine for routine use, One of the
prime reasons is the significant fluctuation in the measured data. This could be due to
biological variability of tissues, but also due in part to the method of measurement which in
the majority of cases is made by placing collinear transducers on the limbs. First the sites
of measurement at dsffcrent,times of bone healing am not identical. Secondly, by one line
measurement it is difficult to account for the variable lengths of overlying soft tissue. This
is further complicated by the fact that the measurements are generally made in the near field
at relatively low frequencies, 20 -200 kilz, at which there is significant diffraction.

To get around the problem of poor reproducibility an interesting approach was proposed
by Leitgeb (61, This was based on the analysis of properties of soft tissues around bone
fracture rather than the crack. It is well known that if fracture occurs, in most cases, a fairly
annular hematoma is formed around the fracture As the fracture heals the composition of
hematoma changes. In the early stages there is increasing collagen. This is followed by
increasing amounts of calcium. The formation of callus can be regarded as an indicator of
stability of fracture. Ile transformation of hematoma which is blood-like to bone-like callus,
can in principle be used to monitor bone healing by observing the difference in echo times

from the hematoma and the bone surface. This preposition assumes that dimensions of callus
remain constant through-out the healing process. This may not be always true, Moreover,
the measurements must be taken at the same site and with the same inclination and so this
method suffers from the same limitation as the c.onventional methods.

ULTRASONIC CT IMAGING
The problems listed above can be significantly minimized by using computed tomography

(CI). The application of ultrasonic energy to CT methods was first proposed by Oreenleaf
et al. to image breast. The prototype developed for such imaging consists of a pair
of transducers mounted on an assembly that moves linearly in steps of one millimeter,
executes rotation about center axis; and can move up or drop down to scan different planes.

.. .. . . . . . . . . . . . . . . . . . . . . .



t59

The assembly is enclosed in a water tank At each positioh the transducer transmits a
shock excited narrow pulse. The transmtted energy is received by the second collinsar
transducer, The signal is received and amplified. By integrating and thresholding the signal
the transmitted energy and travel time profiles are determined. Such profiles collected from
different angles of view (60 in general) are used for Cl reconstruction by assuming straight
line propagation. At the imaging frequency of 3 to 5 MHz, sound truly does not travel
in straight line and there is noticeable diffraction which leads to image artifacts. Recently,
another feature has been added to the CT scanner. In addition to transmission there is now
provision to gather reflected energy 0imltancous to transmission measurements. Each of
these signals is tlime gain compensated and used to reconstruct a linear B.scan. 'he scans
obtained from all the angles of views are added to yield a compound B-scan. Such averaging
of back scatter from differeht angles of vew reduces speckle and provides a high quality
image. Tbus,three images of a given cross-section are obtained, each representing a different
property of the tissue. The attenuation images represents the energy loss due to scatter and
transfornaticop of sound energy to heat; the sound speed tomogratm represent a measure of
compressibility of tissues; and, the compound B-scan represents a map of acoustic impedance
mismatch, or inhomogeneities and boundaries, With this powerful technique at hand our first
aim was to determine if this methodology can be used for reconstrcting images of bones
and the soft tissue that surrounds it.

Animal bones of turkey and dog limbs, and cadaveric human excised limb were scanned
by suspending the tisse in the water scanner. Examples of these images for human limb
are shown in the Figures 1 and 2.

lPiur l. titunior.e CT' trut rocrnsnir horn sumnuane dais ruoamrnS aross *

pl-an of .tda tn. 1U W i it oruron, "w S o h snrnuaoo anS rveprwt t-

In all our scans soft tissue and the skin was kept in tact. In all cases we were able
to transmit enough energy to obtain attenuation images. However, the transmitted signal
was weak and the use of threshold method to determine arrival time lead to significantly
noisy Speed image. This problem can probably overcome by using an alternate approach of
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easuring travel time. The refraction effects that ate very dotminant in breast imaging were
not observed significautly in any of the studied eases. One probable explanaltion for this is
that the limbs do not offer as strong a curvature across the beam as the breasts, The near
perpendicular incidence miusmizes the refraction effects. In the back scatier image showni
in Figure 2 the internal structure of bones is difficult to visualize, but-the structure of soft
tissuecan be seen in great detail.

VOLUMETRIC IMAGING
Twvo dimensional reconstnictions of the type shown in Figures I and 2 show infotrmation

on the shape of any particular structure and its relatsonship to other structures in a given plane.
Additional information on the shsp: of the structure like bematomna and its relationship to
other stuictures in the other adjacent planes is often needed. Three dimensional information
iv obtained by constructing 2D images in multiple contiguous planes in the third dimension
and stacking them serially as indicated in Figure 3.

Once the dots urn mapped into a volumetric matrix composed of cubical voxei it can
be numerically dissected in any plane, projected or volume rendered from different angles

of view. To see if the dots collected from the ultrasnic scanner had sufficient integrity
fee such a synthesis, dots from g0 ccoss-sections were gathered by dropping the scanner in
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The maskings as seen on the images represent sutures on the skin of the cadaserie limb.
Both Figures; 4 and 5 show that the data collected from the ulnrasortic scanner can be used
for three dimensional imaging of hones and the surrounding tissues.

IMEASUREMNTS FROM VOLUMNETRIC IMAGES

After obtaining evidenc in support of the hypothesis that ultrasound data can be used for
volumectric imaging our next aim was to make some measurements. Although as mentioned
earlier the sosnd speed images were: most noisy this parameter in best understood. Therefor.
it was osr first aim to make measurements of this parameter. The speed image data
wa organized into voismectric matrix and the brightest pixel projected on to planes from

diff-ent angles of views. This procedsre, got rid of noisy points and provided a means of
measuremsentn. Regions of interiest were chosen by outlining bone and soft tissues in the
images synthecsizd from different angles of view. Measurements were made on the area

encloscd%%ithin an ostlined region. One example of such measurement in shown in Figure 6.
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Excised hind legs of a new born. a 13 week puppy and an adult dog ive scanned. The
preliminary seasuremennts of sound speeds are shown in the table below.

New born 13 WVk old puppy Adult dog

Bone 1573 (18) 1641 (17) 1790 (45)

Soft tissue 1541(5) 1551 (19) 1575 (20)

M.ded &ee or. The Seepined r -tee s e, .e (.r -Ueree* ty 25 &t,-s C ve.&e

Though the sample size is small to make definitive conclusion, our initial investigation
reveals sound speed of bone as well as the surrounding soft tissue to increase monotonically
with age. This is consistent with the expectation from the relationship between tissue



composition of bones of animals and their age. Studies of Simonet ct al, [1] showed
water contetit of cottical and cancellooss bonm escease with age. Hfone regards bowe to be
a nade up of water and a second comtponent consisting of highi speed nmaterial like minerals
or collagen the sound speed will be sepresented by (9].

1 = 1 U -- L~x(2)

where X is the w.olt: fractiore c the sound speed and subsipts w and in representing
w=te and nmineral components of the tissue. A decrease in water and an inrease in mineral
content (hier sound speed) as is observed with the age of the animal will resut in higher
sound speed This is in accotrdatte wvit the measureents.

CONCLUSIONS
The application of ultrasonic Cl' method is still in the early stages of development

Although there are several attraciFe features about csing ultrasound several key questios
need to be further answered before the technique can fied application in clinical medicine
The results shownt here demonstrate that it is technologically feasible to obtain high resolution
images without using ionizing radiation. 'The data can be toed for reconstructing thre
dimensional images and thus overcome the problems accompanying single line measurements.
Further validation and quantification of this technique is now under progress.
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ABSTRACT

This paper presents a new, three-dimensional (3-D) nuclear
magnetic resonance (NMR) imaging technique for spatially mapping
proton distributions in green-state ceramic composites. The
technique is based on a 3-D back-projection protocol for data
acquisitioA, and a reconstruction technique based on 3-D Radon
transform inversion. In principle, the 3-D methodology provides
higher spatial resolution of solid materials than is possible
with conventional slice-selection protocols. The applicability
of 3-D NMR imaging has been demonstrated by mapping the organic
additive distribution (2.5 wt.%) in cold-pressed Si3N4 whisker-
reinforced Si3N4 ceramic composites. Three-dimensional X-raycomputed tomography (CT) also has been employed for mapping
voids and Inclusions within the composite specimen. Combining
information from both imaging modalities provides an extremely
powerful nondestructive evaluation tool for materials
characterization.

INTRODUCTION

process development in the mass production of high-

performance structural ceramics and ceramic composites requires
a detailed understanding of the macro- %nd micro-structural
characteristics of the ceramic materials in relation to the
processing conditions. The origin, nature, and effect of flaws
(such as voids, cracks, inclusions, and density variations) must
be understood in order to ensure the continuing technological
development of advanced processing techniques. Nondestructive
evaluation techniques, such as nuclear magnetic resonance (NR)
imaging and X-ray computed tomography (CT), can play a key role
in this endeavor by providing detailed diagnostic measurements
on selected specimens before, during, and after various
processing stages.

Application of X-ray CT techniques to the study of advanced
structural materials has been under development in recent years
(1,2). The use of 3-D X-ray CT for interrogation of ceramic
components has been demonstrated and has quickly become an
accepted NDE method. X-ray CT provides detailed information on
the spatial distribution of internal voids, cracks, inclusions,
and density gradients. However, heterogeneous materials are
less amenable to analysis by conventional X-ray CT techniques
because local compositional differences and density variations
cannot readily be distinguished.

NMR imaging, on the other hand, is sensitive to local
chemical environments in complex molecular solids. Moreover,

Mat. Res, Soc, Symp. Pt,. vol, W |. 99SI Materials Research Society
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the technique has the unique capability of spatially mapping a
sample's chemical or physical properties independently. Two-
dimensional NMR imaging has proven to be an extremely versatile
tool for the chracterization of numerous solid materials (3-101,
including mapping the organic distributions in green-state
ceramics (3-61. However, a major difficulty in obtaining
adequate spatial resolution in the third dimension rests with
the intrinsic NMR properties, i.e., broad linewidths, that are
characteristic of many solids.

In this paper, we describe a 3-D NMR method that is based
on a back-projection protocol in combination with image
reconstruction techniques based on 3-D Radon transform
inversion. Similar techniques have been described previously
for imaging of liquid samples (11,12). The method incorporates
the experimental flexibility to overcome the difficulties which
are presented by broad-line materials. This method has been
applied to the analysis of specimens consisting of cold-pressed
Si3N 4 -whisker-reinforced Si3N 4  composites. X-ray
microtomographic imaging techniques were used iq combination
with NMR to provide a map of the intrinsic density of the
samples. The information obtained from the two modalities
allows a complete analysis of both the organic and inorganic
distributions within these materials.

MATERIALS AND METHODS

The NHR imaging system used in this study consisted of a
Bruker CXP-100 NMR spectrometer fitted with a home-built imaging
accessory which is described in detail elsewhere (51. The
accessory, designed specifically for examining solid materials,
consists of a versatile home-built IBM/PC based pulse
programmer, three (X,Y,Z) Techron audio range 1-kW gradient
amplifiers, a RF shaping unit, and a home-built, singly-tuned
imaging probe capable of operating at 1-kW RF levels. The probe
also contains forced-air-cooled gradient coils capable of
operating with duty cycles in excess of 20% while producing a
highly linear magnetic field gradient of 58 G/cm over a
spherical space of 30mm in diameter.

In a conventional 2-D NMR back-projection tomographic
experiment, one applies a linear magnetic field gradient in a
plane at numerous projection angles. For each angle, the
Fourier transform of the data represents a planar integral of
the proton density normal to the gradient vector. Similarly, in
the 3-D back-projection experiment, by varying the gradient
vector in order to sample the entire 3-D space, one obtains a 3-
D Radon transform of the proton density. Let Rf(P) be the Radon
transform of the object function f(M), where P and H are
discrete points in the Radon and object space, respectively
(Fig. 1):

Rf(P) - Jf(M)dMf(OP.Om)-0 (1)

The inversion of this transform can be obtained by double

differentiation and back projection. Harr et al. (13) have
shown that the fastest way to invert the Radon transform is to
use two sets of back projections, one along the meridian planes

-.1.
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and the other along planes of constant latitude. The inversion
can then be written as (Figure 2):

1 r xa2Rf
f iM -(p(,1O0 ),,)sinod8d.

4 X (2)

where p,Oo are the classical parameters of spherical
coordinates, and p(1,O,) - ON-nb, where 0 is the origin and n is
the unit vector in the direction (0,0). The reconstruction
algorithm of the 3-D Radon transform inversion was implemented
as proposed by Grangeat and coworkers 15).

Three-dimensional NMR imaging data were acquired on
specimens using 128 complex data points, and a total of 1024
projections (16 eangles over x/2radians x 64 angles over 2M

radians). A gradient strength of 35 G/cm and a sweep width of 100
kHz were used. A total of 128 averages were acquired by using
an approximate 900 pulse and a recycle delay time of 0.25 s. A
spectroscopic resolution of 175x x 175y x 175z Pm

3 
was achieved.

A total of 18 hours was required for data acquisition using
these parameters.

Int ration plane

.8 ' ~ * M

Sal I

Fig. 1. Definition of 3-D Radon Fig. 2. Decomposition of integral
transform. Value of 3-D Radon over a sphere in two series of
transform in P Is the Integral of back-projections.
points H in plane defined by OPMP.

The 3-D X-ray microtomograph system used in these
experiments consists of a microfocus source, a image
intensifier, a CCD (5122) camera, manipulation stages (X,Y,0),
and an IBM/PC/AT compatible computer (163. Image reconstruction
was performed on a local VAX 8700 with either of two analytical
codes (Radon (153 or Feldcamp (143). For small apertures, it
has been shown that both codes provide similar results in
reconstructed images (16). The X-ray data of the composite
specimen were acquired using X-ray source settings of 39 kV, and
0.9 mA of flux. The number of projections equa)ed 185, and 128
averages were acquired per projection. A final spatial
resolution of 124x x 

124
y x 124z 1m

3 
per volume element (voxel)

was achieved in the reconstructed image.

t
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Si3 N4-whisker-reinforced Si3N 4 matrix composites were
prepared by conventional ceramic processing techniques. Si3N4
powder (UBE Chemical Ind. UBE-SN-EIO, 0), 2.5 wt.% MgO (in form
of Mg(N03)2.6H20), and 2.5 wt.% Carbowax 400 (Union Carbide -
polyethylene glycol), were suspended in ethyl alcohol and ball-
milled for 16 h. S13N4 whiskers 10 wt.% (UBE Chemical Ind. UBE-
SN-WB 0) were added and ball milling was continued for 3 h. The
sample was pin-dried to-remove the alcohol before pressing. The
pressed specimens were stored under desiccant until the imaging
experiment. The sample chosen for examination in this work
measured 7 x 7 x 3 mm.

RESULTS AND DISCUSSION

Three-dimensional NMR and X-ray images displayed via
surface rendering techniques are presented in Fig. 3. Surface
rendering is performed by applying a user-adjusted threshold
intensity to define a minimum intensity that is used to
calculate the contiguous surface. The particular threshold
chosen for the X-ray image resulted in an accurate
representation of the sample's topology. The NMR surface,
however, was reconstructed with a minimal threshold intensity
that was chosen to suppress structures having low proton density
near the sample surface. This threshold level essentially
eliminated two corners of the sample from the rendered object
(as indicated in Fig. 3A). The remainder of the N14R Image,
however, is similar to the one acquired by X-ray, Fig. 3B.

Thin 2-D sections (or "slices") of the 3-D NM1 and X-ray CT
reconstructed images taken from identical spatial locations
within the specimen is shown in Figure 4. Because the NMR and
X-ray signals arise from completely different mechanisms and
thus have different filtering functions, scaling constants,
signal-to-noise ratios, and intrinsic image contrast,
quantitative Image measurements must be determined for both
methods independently using known concentration and density
phantoms. Even in the absence of the necessary intensity
calibrations, qualitative Indications from Identical geometric
positions in the images can still be discussed. For example, a
lack of intensity In X-ray image could Indicate either a void or
a low density inclusion (area of high organic concentration) in
a green ceramic composite. NMR imaging would clearly
distinguish between these two possibilities, since a void will
appear as an area of low intensity while an organic inclusion
will appear as a high intensity indication.

Three types of localized intensity indications can be
observed In Figure 4: (a) areas of low NMR and low X-ray
intensity stemming from voids, cracks, or low-density inclusions
having little or no discernible protons; (b) areas of high
ceramic density; and (c) areas of high organic concentrations.
Efforts are presently underway to calibrate image Intensities
with appropriate proton density and intrinsic density standards.
Dual-modality experiments performed in this manner will allow a
quantitative evaluation of flaws (voids, cracks, etc.), as well
as mapping binder and density variations throughout the green
component.

While the experimental N Imaging times reported here are
lengthy, it should be pointed out that significant reductions in
data acquisition time can be expected for commercial components.



Given the concentrations of binder used In commercial green-
state composites, significant increases in signal-to-noise
ratios of five to seven can be expected. Additionally, a further
gain in sensitivity of -12 may be realized by 1increasing the
magnetic field strength from 2.3 T (100 MHZ) to 9.2 T (400 MHz).
These factors would account for -a time savings of nearly two
orders of magnitude while improving the signal-to-noise ratio
throughout the image.

t

Figure 3. surface reconstructed (A) 3-D Ne image and (B) 3-D X-ray CT
Image of a green-state Si304-whiaker reinforced S3 4 comp0ste specilmen.

Figure 4. Internal thin 2-D sectins of 3-D (A) Nmx Image and (5) X-ray
CT image of the composite specimen shonn in Fig. 3.

CONCLUSIONS

We have demonstrated the feasibility of performing
microtomographic NMR imaging on solid materials in three spatial
dimensions. Methods were developed which combined 3-D dual
back-projection protocol with image reconstruction using a Radon
transform Inversion technique. Using this methodology, we were
able to spatially map low-concentration (2.5 wt.%) organic
additive distributions in green-state Si3N4-whisker reinforced
Si3N4 ceramic composites. Additionally, intrinsic density
variat ions were determined via 3-D X-ray microtomography, The
results obtained from both methods are complementary and thus
provide the necessary information to distinguish flaws stemming
from voids, areas of high ceramic content, and areas of high
organic concentration in these samples.
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ABSTRACTSapefrmdfretoou

W~e have applied NOR Imaging and' IRay Computerized Tomography to the

XRay Images display the minoral content of rocks. Standard tomographs do not
have the required resolution to see pores smaller than 100 pm. W~e used water
as a constrast agent to localize porosities hy "differential" CT. Comparative
results are shown.

1. INTRODUCTION

The presonce and migration of water In rocks play an Important role In
the selection of a safe site for tho disposal of hazardous chemical or nuolear
waste materials (1). A good description of the rock hosting tho waste is
needed, since an adequate computer modeling of the site is hoped. One Important
probleme is the characterization of heterogeneities in porous media, which may
largely Influence their hydroeological properties ;for instance the hydraulic
conductivity and permeability (21. In stratified or fractured rocks, note
generally in porous media presenting a large distribution of pore sizes, the
variations of perrophysical prop~ttios are defined on characteristic lengths
scale much larger than the microscopic length scales, as ohtained by the floe
velocity or the flow of electric current in an homeogeneously connected pore
network. For example, In a reck formed of parallel strata of different
permeabilities, the length and the width of strata become the two
characteristic lengths. Otherwise, near the percolation threshold, the
trajectory of fluids through a sealed pore network become very complex and
tortuous leading to a correlation length much larger than the microscopic

Work supported by 'Agence Nationale des Dichets Rodioactifs
(ANIBA). a subsidiary of Conaissariat A. l'nergie Atom;ique (CRC)

Mat. Res. Soc. Syp, Pec. Vet. 217. miogi Materials Research Society
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lengths, I.e. the pores,or grains sizes. Finally, dispersion of tracers and
pollutants depend sharply on the characteristic sizes and amplitude of
heterogeneities which ust be considered in the computer modeling of the site.

We have attempted to characterize these large scale heterogeneities using
tomographic methods.

2. METHODS

2.1. X Ray computerized tomograohv

CT is now extensively used in the Non Destructive Testing of materials
(3), and only recently X Ray medical scanners have been diverted from their

primary clinical objective to the characterization of rscks (41. For
petrophysical studies their spatial resolution is not high enough (typically
I em) and we took the opportunity to use a tomograph specially designed for NDT
and developed by a joint team LETI and INTERCONTROLE (typical spatial
resolution 100 pm, and density resolution 104), commercially available.

CT principles are well known and based on the absorption of X-Rays. Under
well defined circumstances, a density map of a slice of the object can be
obtained.

Experimental setup

The XRay photons originate from at 420 kV XRay tube (PANTAY/IIF 200).
First the XRay beam is collimated in & flat fan beam geometry with a 15'
aperture angle and 2 am height at the detector Inlet. This beam is further
separated into 31 cords having a beam width of 0.4 am. Each cord is associated
with a EGO detector which presents numerous advantages over Xe gas detectors
(5). The object (here a rock core) is Installed on a positioning device and can
be displaced in rotations of 14.4* angular and 200 pm translations steps,
providing 775 projections in less than 10 minutes, Positioning, signal
multiplexing data processing and graphical display (SEIXO hard copy) are
controlled in real time by a pVAX computer.

Experimental procedure

Samples were simply Implemented on a vertical shaft allowing the 3 image
reconstruction of fissures within the cores, Most of the samples had pax 6.2 cm
diameter, and therefore the tube was operated at 300 kV and 3 mA. In order to
reduce the be * hardening artefact, 3 ma Cu filters were used, Total
acquisition time including image reconstruction was roughly 6 mins.

For differential tomography, the procedure is straightforward, The sample
is first examined in the dry state within a low absorbing beaker. The sample
was then allowed to war within I hour. After removal of water, the sample kept

at the same place, is reexamined.

2.2, NaIazn

At present, the major application of h'MR Imaging is in medical and
biological sciences, where it provides spatial images of tissues and organs
with valuable anatomical details. However, applications in other areas have
also been demonstrated in material sciences, For instance, NMR Imaging of
porous systems began in 1979 when Cummerson et al (6) used this technique to
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study unsaturated water flow in building materials. NMR Images of water within
porous rocks, (7) and compoiLtes.materials (8) and of protons in ceramics (91
were also reported. More recently, most advanced MRI techniques were introduced
into the field of core analysisby a joint team Shell-oll company and General
Electric (10, 11.

In the present studywe use low field imagers (0.1 T and 0.13 T), and
show that despite the sensitivity loss, useful informations can be obtained.

Experimental setup

First attempts were tried out on a 4.7 T machine, where most of the
available hardware has been designed for imaging studies of molecules in the

liquid state with T, and T2 relaxation tioes of the order of 100 ms. Usually,
typical pulse sequence operate on this time scale. Moreover the shortest echo
time is limited by the time required for the settling of the encoding gradients
(Q 6 ms).

At 4.7 T, T2 times were measured by spin echo an found to range between
I and 3.5 ms in water saturated samples. T% times wore measured by inversion
recovery between 0.4 and 0.5 x.

In a standard spin echo sequence, the signal intensity in each pixel is
given by

I - I 11 - exp (- T,/T) ) . exp (- To/T)

where To is the maximum amplitude after a 90' pulse. 
T
e the repetition time and

T. the spin echo time. Several strategies can be adopted to enhance echo
signal I : (1) use a solid state NNR machine, with special pulse narrowing
sequence (12), (2) use 3D back projection without slice selection (this
conference Botto, Rizol, (3) construct a shielded (ll or at least a reduced
size gradient system, (4) increase 

T
z by raising the temperature, taking

another proton rich liquid or working at lower magnotic field. The latter was
chosen as low field machines were available to us at LYON (O - .13 T) and
ORSAY (0.1 T). Indeed, Tz were considerably longer at low field jumping from
I to 3.5 ms to 20 to 50 as. T, values decrease as expected with B0 power 0.24.
The often mentioned explanation is that magnetic impureties or susceptibility
changes at pore boundaries generate large local gradient fields. It is
interesting to note that no Tz lengthening of time was obtained replacing water
by cyclohexane which has the same viscosity but is less polar.

Experimental procedure

The saturation was done as follows - the sample was placed inside a

dessicator, first evacuated with a vacuum pump. Then, water was allowed to
Imerse the sample. The pumping above water level was repeated until the weight
became almost constant.

T. was chosen as short as compatible with the gradient switching time.

T, was chosen long enough for the magnetization to recover a sizeable amount
and short enough to reduce the total Imaging time. Machines parameters were

optimized performing ID-Fr. The acquisition parameters are listed in table I.
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Itpet 0.13 ? 0.1 T

Bhod ID-Fr 3D-F?

Repetiton time Tr - I z Tr - 0.4 z

zecbo tim Te - 25 as Te - 7

Fmber of acquisitions Sacq - 28 ac- 4

Total acquisition time 60 mi 552 ol

1Emdldth Lt - 10 Ift af - 20 Ift

. .e - 5 Sm e - 6 = (16 slices)

Table I - arameters used for "ter 31 Smaging

3. MESUTS ASDl DISCUSIOXS

Awo examples ba- been selected to illustrate the differewr propertes
of the t.o Imaging techniques.

3.1. Eptsvdnite tranite stone

Figure 1 shows a typical water image obtained at 0.1 T (see table I For
acquisition parameters) without slice selection. This corresponds to a
projection of all the protons on tbegplane where the two remaining encodi%4
gradients are applied. The rectangle seen at the botrom corresponds to a
moistered supporting synthetic foa spacer. The distribution of water is far
fro being homogenous as the Cr image would suggest, This finding is a proof
that this granite suffered an Intense hydrothermal activity favourable to the
deposit of valuable minerals (Uranlu) but perhaps not for the containment of
waste.

Figure 2 sbows the corresponding slice obtained by CT. The resolution is
higher. bright spots may Indi- ste high density minerals deposit (Fe oxides,

tc ... ) .

3.2. Stratified Porous llnest-ne

Figure 3 shows a NMiR cross section of a porous limestone (porosity 15 t)
performed at 0.13 T. Stratification is clearly resolved on this picture (see
table I).

Figure 4 shows a difterential CT Image obtained following the procedure
dscribed above. Provided the object has not moved, the image Is generated on
a pixel to pixel substri tion basis. Here. statistical noise and tomograph
stability are the major c nterns. Thereafr~r the intgration was lengthened up

to 20 mine. The XRay tu e operated at aximum anode current (7 =A) and the
copper filter removed.

4.CONCLUSIONS

R gives a better wp lr contrast than differential CT in a comparable
acquisition time (30 min).



Sm

Figure 2 Water iage in gnite Figure 2 C Image of granite
at .1 T (effective porosity 5 %) (sane cross section as fig. 1)

Figure 3 Water image in limestone Figure 4 Differentlel CT image
at .13 T (effective porosity 15 %) of limestone (sane cross section

as figure 3)



Ceivtioal 2?YT-sad 39Fr spin echo Ma ltnaing can be performed on
rocks at 2w uagone=c field strengths. This xoeallty ecables the observation
of the co=ecred pore netork, in a full 30 representation.

Relax tion times T, and 
T
z as a flwy:ion of field (relaxmetry) could be

used as a earker the chexfial And physical protons ervironment. However it
Is isportant to notice that sore dats are needed for a clearcut interpretation
of the observed values.

IT" M techniques introduced in edical Imagfing (flow and diffusion
imaging) could be. if adapted. profitably used.

Cr is a straihtfotard technique to visualize rocks due to t case of
implesentation comparatively to m22. It gives higher spatial resolution In a
&iten time (less than 10 mnm).

For permeability stdies. we sugest differential Cr. If the fluid
migration is slow edouh (I or 2 days). the progression of fluid could be
sonitored. For this purpose, An hydraulic press could be installed on the
teoraph. provided that its absorption is not too high.
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TiE SUW OF MAE.IALS ING , WAVELET IME PR NG

L. BELTR-DEL-RfO, A. EZ AND K. JO -XAC4 A

Instituto de Fisica, UaLversidad Hactonal Autdnmia d. i~Mico.
Wxico D. F. 01000. P.O. Box 20-384.

AB1RACT

In this work the wavelet transform is used to process
high- and medium resolution electron micrographs from small
particles and their substrates. It Is concluded that the edge
sensitivity of the technique and its contrast enhancement
capabilities are most useful in the processing of electron
micrographs.

THE WAVLET TRNSFIRM

The wvlet transform, introduced by Morlet (12 for
seismic signal analysis can be defined as

WfCs.u)..f fCO/ Vp
m

CsCx-D3 dx C0)

where W stands for the transform. f Is the function C lmage"
or "sIgal") to be analyzed. s and u are real parameters
CsO0). and V is an audliary function to perform the analysis
Cthe so-called -wavelet".).

The wavelet mst satisfy the admissibility condition

where ; stands for the Fourier transform of V. In sost cases

the admissibility condition Is equivalent to requiring that

f vCD dx - 0 C3)

The wavelet transform can be written as a convolution
product

fcs,u)-tfm W .Jul C4)

where ;Cx . f1 3 C-sya.

In reciprocal space the transform can be wrItten taking
the Fourier transform of equation 4

;fCs.u).fo Cs1"2)WC",fs C53

All these concepts can be extended to two dimensions. ln
the present work all the transfors are bi-dlmenional. The

Mal. Res. S0€. Syrup, Pr00. Vol. 217. c1991 Malerhl$l Reseach Society
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wavelet used is the so-called IKbdcan hat Co curse!) as
described by Datechies £23.

A mathematical m

From equation 4 it can be sen that the transform acts as
if one were to form an image of the "object- fCy) with a

microscope with point spread function - The various v

correspond, then. to microscopes of different resolutions. The

transform of can be likened to a transfer function. In this

way it can be seen that if I Is very localized Chigh

resolutio then the transform will be similar to the original

function f. If is, on the other hand, very spread out, then

the transform will resemble the wavelet itself.

Wavelets As filters

From equation 5 it can be appreciated that the wavelet
transformation is a filter whose passing band can be selected
with the parameter s. It can be shown that the center of the
passirg band of the filter and the bandwidth are both
proportional to s.

Edge enhancement

The wavelet transform is ideally suited to the purpose of
detecting intensity gradients in any direction, enhancing
peaks. borderlines, edges, even lines suggested by aligned
peaks. In addition the wavelet transform can be used to
perform a simple contrast enhancement that can emphasize
details of interest.

TRANSFORM aSF MICROGRAPHS

In order to illustrate the main features of the wavelet
transform we show in figures I-a to l-e an image of
CogoShexagonal domains. The unprocessed image Cl-a) was

transformed with a narrow wavelet producing an image Cl-b) very
nearly undistinguishable from the original . Subsequent
figures Cl-c to l-e) show the effect of increasingly larger
wavelets yielding images In which the resolution diminishes.
But in the case of fig. I-c, the new resolution seems to
coincide with the different distances related to the hexagonal
structure.

In figure 2 the edge detection features are illustrated
with a synthetic image. In f1g. 2-a the unprocessed object can

be seen to consist of circular peaks forming a circular
partole and, choosing the adequate wavelet, in fig. 2-b it can
be appreciated how the edges of the small -circles are
surrounded by a double contrast line.

In some instances the transform can be used to focus the
attention on the particle as a whole rather than on its



fil4catayt
giiaion process fails to yield avlt n bell

Instad resntstheoriginal image.a l Ige

f.l)rasoaiaefig-1d) Transformed image
with ~37.with s-26.

fig.le) Transformed image with a-21.
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f i .a y t e t c o b e tf i . b ) S m o j c t u
copse 0fcicl00ek. rnfomdwihs07 h

fig.3a Synthetic object wihfig.2b) Same object, but

small "atoms", transformed with S-18. The
particle's edge is to be
noticed.
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fig.4a) Processed image with s-25, threshold 65%.

fig.4b Same image processed with appertures in theI reciprocal space, on the lattice peaks. Beat
threshold posible, 30t.
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details as shown In fig. 3 In which an unprocessed image C3-a)
was transformed with a broad wavelet C3-b) so the atomic
details are lost but the overall shape and extension of the
cluster are now apparent.

WAVELT TRANSCRM ANALYSIS OF BOUNDARIES

In the Image Cflg. 1-a), in which a net of hexagonal
domains is apparent, by applying ' a simple threshold the
domains can be seen more clearly and can be extracted for
further analysisCfig. 4-a).

The boundary domains correspond to antiphase boundaries
and, probably, to some chemical disorder induced by the cobalt

Impurity. For the sak. of comparison we show in fig. 4-b the
result of processing the same 'image using standard Fourier
techniques. As It can be' seen, the processing introduces
unwanted distortions in the shape of the domains. Tis shows
how the wavelet transform can be a most powerful technique.
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NEUTRON TOMOGRAPHY- A SURVEY
AND SOME RECENT APPLICATIONS
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Neutron tomography is now being developed to complement post-test
destructive examinations, by providing a guide to locate optimal sectioning positions
and reduce the number of section cuts necessary, as well as by yielding many more
transverse section images than possible with destructive sectioning. The goal is to
provide more comprehensive and quantitative post-test material distributions. The
test fuel has a high gamma-ray radiation level that fogs direct X-ray or neutron-
sensitive films, so the indirect process of neutron activation of foils is used, with
subsequent activity transfer to film. The high-density test fuel strongly absorbs
thermal neutrons. Also, in order to preserve the distribution of materials, in some
cases the test fuel is radiographed prior to disassembly from an outer (mostly steel)
container - 15 mm thick. Thus epithermal neutron radiography is required.

The neut-ii radiographs are produced at the north beam tube of the NRAD
250-kW TRIGA" reactor at HFEF (2. The tube extends from the core face to obtain
a relatively hard spectrum containing many epithermal neutrons. U)1 ratios of
185, 300, and 700 are available, for radiographs up to 43 cm x 36 cm in size. The
radiographing process is illustrated in Fig. 1. A'fuel-pin bundle is suspended on a
precision rotator for the many views required, At each view a packet of foils is
irradiated for 30-60 m n, a cadmium foil in front to attenuate thermal neutrons
and an indium imaging foil to capture epithermal neutrons at the 1.45 eV indium
resonance, The indium foils are removed and placed in contact with photographic
film (usually type T). After the decaying indium exposes the films, they are
developed and then digitized on a scanning microdensitometer.

A computer program aligns each view image and calibrates the density from a
step wedge image in each view, Then a computed tomography transverse cross-
section is reconstructed for each desired elevation, As an illustration of the
penetration and imaging capability of indium resonance tomography, Fig. 2 shows a
reconstructed cross-section of a 91-pin EBR-I fuel bundle using only 36 views (3).
Each pin is U metal 3 68 mm in diameter. Spiral spacer wires are also evident.
The image has been high-pass filtered and clipped. ".

Shown in Fig, 3 are a series of transverse reconstructions of the remains of
an assembly containing seven mixed Pu-U oxide fuel pins after TREAT test L07,
compared to cut and polished sections at the same elevations (4). Seventy-six
views were used and the densitometer aperture was set at 0.1 mm horizontally and
0.2 mm vertically. The 7 originally intact fuel pins are 5 84 mm in diameter and
are supported in a close-packed hexagonal arrangement by grid spacers inside the
26-mm diameter fluted tube. Unfortunately the transverse reconstructions in Fig. 3
are from pseudocolor images and cannot be compared easily in density to the cut
section images, in which steel is light-shaded and fuel and voids are dark, but the
spatial details are similar (in some cases material present during radiography has
been lost during destructive examination). Not shown are useful axial
reconstructions obtained by stacking the transverse reconstructions and slicing
through them computationally, providing length-wise views of the test pins,

At the present stage of development, the reconstructions identify relocated-fuel
and steel, flow tube blockages, and pin displacement, but do not reliably distinguish
between fuel and steel in very irregular geometries or where fuel porosity changes
substantially and provide little information o. cladding condition. To go further
into quantitative analysis of materials distributions and to separate boundary
features of hex cans, grid spacers, porous fuel, and cladding, improved spatial and
density resolution are required, This will necessitate higher resolution film
digitization, which will increase the already long 3 films/day microdensitometer
scanning times, However moderm digitizers are available that can scan a
radiograph in 30 s with sufficient spatial and density resolution, and there are
plans to buy one. Possibly many more that the present 76 views will be needed,
leading to much longer reactor operation. Around an hour will be required for
each radiograph, due to low indium foil activation, and 2 to 5 radiographs will be
needed for each view to cover the test-fuel length.
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Fig. 1. NRAD indium.resonance neutron radiography process,
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Fig, 2, NRAD reconstruction of an EBRI ,1-pin fuel bundle,
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Fig. 3, Comparison of L07 transverse reconstructions (left) with cut sections (right)
at elevations sf 97 mm (top), 71 mmn (roster), and -3 men (bottom),
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MMTIPLE-ENERGY NEUTRON% TOMOGRAPHY

In multiple-ener utr tomography. apecilic intues are, imaged or their
imge reehanced by using the differenees in oo-seeti. v-ariation with

neutron energy of the -Acides presenzt, by either sbtrctn tomoagraphie images or
by producing sers]a different sets cf radiographs at dhnserent neutron energies.
often by simultaneously distinguishing different neut.o eneg.e during one
enposUre Use of a Pulsed accelerator and active neutrons detectors time-gated to

tebeam allows simultaneous selection of desired neutron energies b) flighttimie
ieoeet.In this moanner. resenance radiography has been performned at the

NIST electron linac from 1 to 40 eV 191 and at the Argonne IPNS (inten. Pulsed
Neutron Source) from 0.3 to 10 eV 1111. ins uhics separate images are formed at
discret,' resonance energies where there are strong increases in neutron absorption
for nuclides, of interest (actinides, rare earths, and fission products for Z > 40. at
these energies). Images of each nuclide are unfolded from the resonance patterns.

Another technique in dual-energy hydrogen imaging. in whichs the increase in
hydrogen neutron cross-section at subithrnal neutron energies is used to enihance
the imaging of small amounts of hydlrogen against a background of other absorbing
materials by subtracting a tommgaphic image obtained for higher energy neutrons
from that obtained for subithercnal neutrons (picking energies ouch that the other
absorbing materials have nearly the same cross-sections at both energies). This
technique, was used to provide dual-energy imaging of water in tuttaceous rock 11il
with the goal being to track water flow through porous reck for site risk analysis of
permanent disposal of cadws-soe. A feasibility experiment was conducted at the
IPNS facility with coarse spatial resolution. collecting neutrons at 15 and 85 zneV
in a scanned 'He detector. The setup is shown in Fig. 4. At IPNS, 30 intense
pulses of 500 MeV protons per second strike a U target. where spaltation produces
fast neutrons that are moderated to low energies. Neutron energies are
simultaneously selected by measuring moderator flight time.

Measurements were taken at 4 scan positions for 3 viewa of a tuiS sple
that was 7 cmn in diameter, as sketched in Fig. 5. The crack shown ouL ned
water, particularly at the outer rim. Coarse-resolution reconstructions were
performed using the convolution algorithm The image obtained by subtracting the
reconstruction at 85 meV from that at 15 meV is shown in Fig 6. The darker
regions indicate the strongest absorption and are consistent with expected presence
of water (the sample in Fig. 6 is rotated from the sketch in Fig. 5) Absocptiin
differences due to rock boundanies, ic the sample rim and the crack (except for
water), ace nearly invisible, so that a clean enhanced image of water is obtained
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Recent hardware dee,-'-ents have ;ed to progess in som--e areas of neutron

= 1. in the past few yeaws. relatively high resolution active 2D (two-
ona) p t st detectn have been developed that are efficient for

thermal and e"thennal neutrons. Uid-area detectors include a 5 ce a 5 c t
crossed-wire proportional counter of 1-mm resolution containig a high-presre gas
ite r2Le and a 22-cm diameter neutron Auger camera of 2-me resolution

based on a glass scintillat optically cpled by a h guide to 19 coer-packd
photonmltiplers 113t. dtetr

The most prev-alent detector use a 2D image intensifier of some type, the
simplest being a US (or other) converter screen of arbitrary size viewed through a
leas by a l i e TV camera rontaining an intensifier (141. One image
intensifier tube has a 23-em diamiter GdOS converter screen and electrodes that
focus the electrons onto a scintillation screen that is viewed by a TV camera [15.
A third type of intensified detector is a Lixiscope fronted by a 5-cm diameter
neutron-sensitive scintillator. with fibre optics, a photocathode. and a miffcriodn
late. The output can be either a phosphor screen fmr TV camera viewing 1161 or a

resistive anode for electronic interfacing 1121 Intensified detectors are capable of
resohutios from around 50 to 500 microns. depending on detection area-

The availability of these detectors has aided development of new neutron
rachography applications. Iynamic 2D radiography has become possible for large
(reactor) and medium ,accelerator) neutron source with applications in fluid flow
(171 and mechanical motion (18]; although the images tend to be somewhat noisy
and resolution and contrast are substantially Ioer than attainable in static
neutron radiography, useful motion is observed, For small ("Cf and deuteron-on.
tritium. or DT1'. generator) neutron sources, transportable 2D radiography systems
have been built for applications ouch as aircraft inalection 119). Intense
transportable sources are being developed, including a high-output DIP generator
1201 and accelerators based on bombardment of Be by protons or deuterons, such as
a superconducting cyclotron 1211 and small rf linaco 122l

These neutron detector and source developments lead one to contemplate the
potential for dynamic 3D (three-dimensional) neutron tomography. Key features of
any system capable of this would be the use of efficient 2D detectors, the
attainment of 2D and depth renoluthon simultaneously, and stationary sources and
detectors. Coded apertures (for emission, or auto-radiography), such as any of as
number of arrangemento of multiplb pinholes or a Fresnel zone plate, aid
corresponding coded sources (for transmision radiography) come to mind, since
they cast shadows on the detectors that vary in size with distance of objects from
the detector and that can be decoded to yield depth information. However tbey
have not been successful for neutron radiography when a substantial number of
voxels is desired in the 3D image, because of neutron penetration of and scattering
in the structure of the coded aperture or source and resulting low contrast and
image artifacts

Another possibility might be a stereoscopic pair of sources and detectors
Although this would allow determination of the order in depth of well-separated
objects, little detailed depth resolution would result. The use of simultaneous views
around the object to be radiographed, with a aourceldetector combination for each
view, would be more likely to provide successful dynamic 3D tomography, but much
hardware would be involved unless a small number of views will yield adequate 3D
resolution As an example of a system for dynamic 3D neutran tomography, a
tomographic fast-neutron has been proposed that is based on a reactor source and
massively paralld arrays of detectors; this concept evolved from the present 2D
TREAT hodsscope mentioned earlier.
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Elevation and plan views of the present TREAT bodoscope (1) ae shown in
Fig 7.I rsi -dynacmic 2D emission raiorah b dtctigiso neutrons
emitted by tes :el in a cpsule or loop at the ceter of the TREAT reactor core.
wing time-reotred readots of a 2D detector array. Teat fuel is driven to
destruction during a reactor transient, in order to simulate an HCDA, and the
bodos ope captures the resulting fuel motion for later aalY51. The test fuel Is
viewed through a large steel collimator, which contains 360 channels. 26 rows x 10
columns. Fast-neutron detectors are located behind each channel, and ah detectors
read out in parallel to a computer data acquisition system This system
emphazes time resolution, rather than spatial resolution, as required by the
experments: the data cot"ction interval is 0.3 ms to several ma and intercbanel
spacing at the test plane is G.6 mm horizontally and 34.5 mm vertically.

There was a desire to provide depth resolution for proposed future STF
(Safety Test Facilty) tests of large fuel bundles. The possible arrangements
proposed to perform dynamic 3D neutron tomography. tw 2D hedosoopes at
90 deg. or three at 120 deg.. are illustrated in Fig. 8. It was found in a study of
computer-generated phantoms and reconstructions (231 that a substantial amount of
tomographic resolution could be attained using specialized reconstruction methods
for 2 and 3 view&

ASSOCIATED-PARTICLE TOMOGRAPHY

Recently Argonne has been iuvolved with the associated-particle tomography
method, a potentially powerful diagnsti- tool. In this method, a special DIT
generator containing an alpha-particle detotor irradiates the object of interest with
14-MeV neutrons. As shown in the schematic layout in F- 9. deuterons are
accelerated into a tritium target, producing 14-.MeV neutrons motropically. Each
neutron is accompanied by an associated alpha.particle travelling in the opposite
direction. The gammia.ray, and neutron detectors are time-gated by pulses from the
alpha detector, which forms a cone of fight-time-correlated neutrons through the
object. Detector pulses are time-resolved by CFDas (constant-fraction discrim-
inators). Flight times are determined by TAC's (time-to-amplitude converters),
digitized by an ADC (analog-to-digital converter), and recorded When a reaction
occurs in the object along the cone that results in a detected gamma-ray, the time-
delay from the alpha pulse yields the position (depth) along the cone where the
reaction occurred, since the source neutron and gamma-ray speeds are known. By
scanning the alpha detector horizontally and vertically (or by using a 2D position-
sensitve multipixel alpha detector), transverse and depth coordinates of reaction
sites can be mapped, providing 3D emission imaging of reaction densities.

l'Alses from the gamma detectors are digitized by ADCs and their energy
spectri. are recorded. Fast-neutron (prompt) inelastic scattering reactions in the
object provide spectre that can identify many nuchide By choosing gamma lines of
specific nuclides, a 3D image of each identifiable nuclide can be mapped By
choosing appropriate nuclide intenr.ty ratios, 3D images of compounds can be
made. Slow-neutron capture is not prompt and thus not time-correlated with the
alpha pulses, but provides nonimaging gamma-ray spectra that can aid nuclide
identification (If fissionable materials are present, neutron reaction detectors may
be used to detect emitted fission nzutrons)

As shown in Fig. 9, by discarding detected neutrons not having the proper
flight time to be uncollided, one can perform fast-neutron 2D transinision imaging
without a collimator (by scanning or using 2D neutron detectors), since scattered
neutrons are removed by "electronic collimation". By measuring at a sufficient
number of views around 180 deg, 3D tomography is feasible. Transmission
imaging can be done along with or instead of enussive reaction-density imaging
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In the actual system, a PC controls the experiment, collects fii,.t-time and
energy data, calculates positions, and displays data and images. The heart of the
system is the state-of-the-art APSTNG (Associated-Particle Sealed-Tube Neutron
Generator) developed with considerable effort by C Peters, manager of the
Advanced Systems Division of Nuclear Diagnostic Systems. As diagrammed in
Fig. 10, a Penning ion source emits a mixed beam of deuterium and tritium 'ons
that is accelerated and focused on a small spot on the target, tritiating the target
and producing neutrons and alpha -particles. The alpha detector consists of a ZnS
screen and a photemultiplier. The APSTNG is an irexpensive small sealed module
with low.bulk support equipment. It has a long MTlBF (around 2000 hours at a
million n/s or 200 hours at 10 milhoi iss), is easily replaced by a remanufactured
module (allowing simple field operation), and presents low radiation exposure.

A praof-of.prmciple experiment on gamma-ray emission reaction-density
imaging was performed on an interrogation volume containing a carbon block and
an aluminum block and plate Shown in Fig. 11 art the gamma-ray energy spectra
for neutron inelastic scattering obtained for C and Al By scanning a smgle-pixel
alpha detector over one side of the volume (x and y coordinates) and mapping
reaction sites from flight-time along the correlation cone (z coordinate) for energy
windows enclosing C and Al gamma lines, the objects were correctly identified and
3D-imaged, as shown in Fig 12 Proof-of-concept experiments have been
successfully done for a number of applications: chemical ordnance identification,
explosive detection and identification, contraband drug detection, uranium borehole
logging, orrodent detection on turbine blades, kerogen analysis of shale, and
contents of coals (sulfur, minerals, and btu).

APSTNG technology has the capabilities for identification and 3D inaging of
many indivdual nuclides and compounds, with flemble positioning of reaction
detectors with respect to the neutron source (on the same side, perpendicular, or
opposite side), as well as capability for fast-neutron transmission imaging The
source and emitted radiation are high-energy and penetrate highly absorbing
objects. But there are some limitations that can be significant in certain
applications of this technology. With regard to transmission imaging, development
of a 2D fast-neutron detector having sufficient efficiency will involve resolution
tradcoff. With regard to emissive reaction-density imaging, images will be
significantly attenuated with depth into the interrogated object if it is strongly
absorbing, presently attainable depth resolution is limited to 6 cm (because the
system has an overall time resolution of - I ns and a 14.MeV neutron travels
5 cm in I ns), and measurement tunes can be rather long to obtain sufficient
gamma counts.

The gamma signal count rate is limited by reaction cross-sections, solid angles
subtended by the alpha detector and gamma detectors, gamma detector efficiency,
and source strength, but usable source strength is limited by detector accidental
counts and pileup Two developments are underway for reducing measurement
time The use of a relatively large array of small gamma detectors or a relatively
small array of large flight-time sensitive gamma detectors is being investigated for
increasing the count rate while maintaining depth resolution for emissive imaging
The fabrication of a relatively large 2D alpha detector is also being considered, for
increasing the signal rate while maintaining transverse resolution and eliminating
scanning.
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CHARACTERIZATION OF LOW DENSITY CARBON FOAMS BY X-RAY
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W. E. MRddeman*, D. PBKramer*, D. W.,flrsich*, P. D.
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ABSTRACT

Two NDT techniques were used to characterize low-density,
microcellular, carbon foams fabricated from a salt replica
process. The two techniques are x-ray computed tomography (CT)
and ion microtomography (IMT); data are presented on carbon
foams that contain high-density regions. The data show that
densities which differ y <10% are easily observable for these
low density (<100 mg/cm ) materials. The data reveal that
the carbon foams produced by this replica process have small
density variations; the density being -30% greater at the outer
edges than when compared to the interior of the foam. In
addition, the density gradient is found to be rather sharp,
that is the density drops-off rapidly from the outer edges to a
uniform one in the interior of the foam. This edge build-up in
carbon density was explained in terms of polymer concentrating
on the foam exterior during drying which immediately followed a
polymer infusion processing step. Supporting analytical data
from other techniques show the foam material to be >99.9 %
carbon.

INTRODUCTION

EG&G Mound Applied Technologies has produced carbon foams
from a salt replica process thg? bps been developed at Lawrence
Livermore National Laboratory. t'J The uses o 3uch carbon
foams are described elsewhere by Williams et al f3 and will
not be addressed in this paper. In the replica process, salt
particles are pressed into a bar and then infused with a
polymer. The polymer is then cured and the salt removed. This
creates small voids, microcells, within the cured polymer.
Finally the cured polymer is carbonized primarily into an
amphorous carbon. The carbon foams are light in weight an can
be produced to a designed density between 15 and 100 mg/cm

In this paper, we are interested in determining the density
distribution throughout the light-weight carbon foams. Two NDT
techniques are used to measure the density variation; they are
x-ray CT (computed tomography) and IMT (ion microtomography).
The first measures the distribution of carbon atoms in the foam
from x-ray absorption 

4
J and the latter determines the

electron dimibution from ion energy loss due to small angle
scattering.t J
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All of the carbon fcp uir,ed in this study are made by
the salt replica process. L , 

Details of the process can be
obtained from reference 2. In order to id--ntify the ccntaal-
nants and also to determine the purity of the carbon produced
by this replica process, the foa=s are characterized by several
analytical techniques. The residual organic materials that
might be present atter pyrolysis are found by exchanging the
foa=s with several polar and non-polar organic solvents; the
e:tracted solvent is concentrated and then analyzed by gas
chromatography/mass spectroscopy (CC/YS). N o extractable
contaminants, >10 pp=, are detectable. In addition, foams are
weighed and burned in 021 and the weight of the residual ash
is determined. The measured weight loss is >99.9%. Yost ash,
but not all, dissolved in aqua regia. The composition of the
acid-soluble ash is determined by inductively coupled plasma
(ICP) spectroscopy. The results are given in Table I. They
show the major constituents to be Ca and P, and

TABLE I

Inductively coupled Plasma (ICP) Data (in ppm) on Ashed
Samples of Carbon Foams Made From Replica Process

Ele=ent
Al Ca_ Q Lc e 99 m- ha EL 1i ._

Elemental
Concentration 23 385 13 10 95 21 105 10 140 3 168

the total concentration of the impurties to be <1000 ppm. That
part of the ash that Is not soluble in the strong acid is
measured by energy dispersive spectroscopy (EDS) and found to
be primarily alumina, which is only very slightly soluble in
aqua regia. A JEOL 840 spectrometer is used to record the
electron images and the EDS measurements.

The CT studies were performed at the Wright Research
Development Center, Materials Laboratory x-ray Computed
Tomography facility located at Wright-Patterson AFB, OH. The
LAM/DE operates with a 420-kV breisstrahlung x-ray source and
has a spatial resolution of -0.25 =m. Because of the
low-density of these carbon foams, the x-ray source was not
filtered and detectors only used a 1.5 =m thick aluminum
filter. The LAM/DE machine has two sets of detectors for each
line of sight, a thin front detector to monitor low-energy
x-ray attenuation and a thick back detector to monitor the
higher energy x-ray attenuation. This study used the front
detector and utilized a detector preamp setting which assumed
low x-ray attenuation through the material. This allowed for
accumulation of CT data with high signal to noise ratios while
still operating at the 420-kV level with the x-ray source.

The IMT data were collected using a 200 micron square, 8
MoV proton beam at the Sandia Hicrobeam Analysis Laboratory at
Livermore. [ The specimens were translated and rotated
through the stationary beam, with the median of 100 proton
energy loss determinations used to determine each line density
(ray) through each specimen. Energy losses, measured with a
solid state detector, were converted to density values using
tabulated stopping powers for protons in carbon. Approximately
10,000 line density determinations were used for each
tonographically reconstructed slice.
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R2SULTS AMZ DISCUSSIOS1

Figure I illustrates a typical, high purity (>99.91) carbon
fcss produced at Nound. A high-=gnification secondary
electron photonicrograph (SEl), Figure 2, shows the typical
sicrocellular structure within a toan. The carbon manifests
itself as the cell valls; the wall thickness is typically 0.1
=icron or less. The diaeter of the sicrocells is on the
average a few zicrc.= and corresponds to the diameter of the
salt particles. Sese contaminants are dispersed throughout the
ftos as very =all particulates. These can be seen as tiny
bright spots in the backscatter electron (BSE) i-age shown in
Figure 3. These spots are examined with EDS and are found to
consist of Ca, P, Si, Mn, Fe and S. These i=purities are
likely present in the origiral salt and are left behind in the
salt extraction process.

Figure 1. Optical Photograph of a Typical Carbon Foam Produced
at EG&G Mound Applied Technologies.

Figure 2. High-Magnification SEN Photomicrograph Showing
Typical Cell Structure in Carbon Foan.
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Figure 3. BSE Image Showing Bright Spots That Are Higher
Atomic Number Elements Than Carbon Matrix

As stated previously, we are interested in determining the
density distribution in these carbon foams. In the past,
density distributions have been routinely obtained by
radiography. Two typical digitized radiographs are show in
Figures 4a and 4b; the first is of a low-density foam with a
bulk density of 38 =g/cm and the s3cond is of a foam with an
even lower bulk density of 16 rg/cm . In each of the
digitized radiographs an area as been 'boxed' in for analysis.
A plot of grey level versus distance for this area is also
shown for each foam. The first radiograph shows a variation in
carbon density in the foam, that is Figure 4a shows the density
to be higher at the outer edges when compared to the interior.
The second radiograph, Figure 4b, shows no obvious high and low
density regions. The foam represented in Figure 4a was
prepared with the polymer infusion step and the one in Figure
4b was not. Radiography, or digitized radiography, has very
good spatial resolution (x and y) but very poor depth of field
(z), since the density is summed over a large volume element
that extends the length (or width) of a foam. Therefore, it is
impossible to quantify where on the edge the density gradient
is the highest. Two techniques, CT and IFT, are able to give
density igfornation with a volume resolution of Z0.125 and
:O.008 mm , respectively. In addition, these two techniques
are quantitative. The next paragraphs discuss the CT and IMT
results on the same two foams.

Several CT slices are recorded on each specimen; all give
similar results, thus, the data given in Figures 5a and 5b can
be consid.:eg as representative of what would be expected for
the 38 mg/cm foam and 16 gg/c

3 
foams. For the former

=aterial (Figure 5a), the CT slice shows the "outside" edge to
have a higher carbon density than the interior of the foam.
This was not the case for the low-density one (Figure 5b) where
"no" carbon build-up on the "outside" surfaces could be
detected. In fact, all foams that have been examined with CT
that have bulk densities 2 30 mg/co

3 
exhibit similar

high-density "outside" edges. Howeior, no high donsit edges
are detected in foams with bulk densities of <20 mg/cm
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From the line scans of the CT slice for the 38 mg/c= 3

material (Figure 6a), densities on the periphery are found to
be -30% higher than the densities on the inside of the foam.
In fact, the corners show the greatest density of carbon.
These results can be explained by examining more closely the
polymer infusion step of the replica process. Polymer is
dissolved in a solvent. The salt bars are placed in the
soution and the polymer diffusis into the center of the bars.
After equilibrium, the wet bars are allowed to dry. The
solvent evaporation begins on the outside surface of the bar.
As the solvent evaporates, more solvent migrates from the
interior of the bar to the surface. In doing so, some of the
polymer is dragged towards the edges of the foam causing an
enrichment of the polymer on the outside surfaces. After
curing, salt'removal and pyrolysis, the CT images show thesehigh density regions on the edges and the corners. Figure 6b
depicts a CT line scan from the very low-density foam. Since
this foam does not include a polymer infusion step in its
production, a high density edge region would not be expected.
The CT data support this finding. From a practical
point-of-view, these CT resultg suggest that machining -1.5 m
from each side of the 38 mg/cm would produce a foam with a
reasonably uniform density.

The IMT examinations of the same two specimens discussed
above are given in Figures 7a and 7b. Since IMT measures the
energy loss of monoenergetic protons that have scattered from
the electrons of a material, the line scans are a neasure of
variations in electron density in the foam. For the energy
range used with the CT scans, the amount of x-ray attenuation
is primarily due to Compton scattering which in turn is also
proportional to electron density. The former is a very highly
probable process whereas the latter is not. Although the
probabllities of the scattering events are much different
between the two techniques, similar conclusions can be drawn
from the IT datS, that is a high-density edge is observable
for the 38 mg/cm foam but is not present in the very low
density one. Also the IMT data show the increase in electron
density at the edge to be -30% over that of the interior, the
same value extracted from the CT line scans.

SUM ARY

Analytical data from various techniques that were taken on
carbon foams produced by the salt replica process are shown to
be very pure, >99.9% carbon. The density distributions are
determined with two NOT techniques, x-ray CT and IMT; data from
both techniques showed carbon enrichment at the eqges and
corners of a foam with a bulk density of 38 mg/cm . The
density increass at the edges are determined to be -30% when
compared to the bulk density. This density variation is
explained in turns of a polymer infusion processing step. A
foam that was prepared without the polymer infusion step, which
subsequently results in a very low density of only 16 mg/cm
showed no build-up of carbon on the periphery of the material.



212

(b)

(a)
Figure 6, C Scan' Showing: ( Density Variation ILI 38sq/cm and MB Uniform DiStribution In 16Mg/cm

Carbon Foams. 1 6
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